SN IS
NASA Technical Memorandum 107047 775 5

Space Mechanisms Lessons Learned Study

Volume II—Literature Review

Wilbur Shapiro, Frank Murray, and Roy Howarth
Mechanical Technology Incorporated
Latham, New York

Robert Fusaro

Lewis Research Center
Cleveland, Ohio

September 1995

{(NASA-TM-107047) SPACE MECHANISHMS
LESSONS LEARNED STUDY. VOLUME 2:
LITERATURE REVIEW {NASA. Lewis
Research Center) 537 p

National Aeronautics and
Space Administration

G3/18

N9&E~-17821

unclas

0098298



Mechanical Technology Inc.

LITERATURE REVIEW

A comprehensive literature review was accomplished using a variety of sources including

Space Mechanism Symposium proceedings in the United States and Europe, various
technical society publications, Pyrotechnic conference publications, Jet Propulsion
Laboratory (JPL) Lessons Learned files, Mil Standards and Mil Specs, National Aero-
nautics and Space Administration (NASA) and Air Force publications, and unpublished
contractor reports, memoranda, and presentations. The review has been organized into
the three major categories: Deployable Appendages, Rotating Systems, and Oscillating
Systems. Subheadings are as presented in the Introduction of Volume |. The reviews
conducted by the European Space Tribology Laboratory (ESTL) are included as a
separate section, although ESTL material was integrated in the Summary of Lessons

Learned.

In conducting the literature review, a specific format was developed which all reviewers
adhered to. The format is as follows:

Key Words: Mechanism, system, problems
Mechanism: Description
System: To which mechanism applies

Authors; Experts:

Address:

Telephone Number:

As referred to in paper; all authors listed
Business address of authors

Iincluded if available

Title: Title of publication

Source: Where the publication was published

Abstract: Copied from paper, or else summarized by reviewer
Anomalies: Description of problems encountered on the ground or in

Lessons Learned:

flight

Listing of lessons learned to avoid future anomalies

Description: Description of mechanism and technical data
Testing: Results of preflight testing, how accomplished
Experience: Flight experience, if available
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Key Words:

Cosmic Background Explorer, Viscous Damper, Pin Pullers, Solar Array

Mechanisms:

Solar Array

Systems:

Cosmic Background Explorer

Authors; Experts:

R. Farley

Address:

NASA-Goddard Space Flight Center
Mail Code 731
Greenbelt, Maryland 20771

Telephone:

Title:

Spacecraft Deployable Appendages

Source:

Goddard Space Flight Center (1992)
Engineering Directorate

Abstract:

This report discusses experience with various spacecraft and provides general guidelines
for deployment mechanisms.
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Anomalies:

» One damper required replacement because of an air bubble (reasons not stated).

* Pin puller shaft fractured and rebounded into unfired position. Excessive hole drilling in
this puller caused failure.

* Array experienced inconsistent behavior of a microswitch.

Lessons Learned:

* Viscous damper fluid; McGhan-Nusil CY7300 silicone fluid preferred because of stable
viscosity and low outgas characteristics.

« Pin pullers used in lieu of bolt cutters to improve reliability.
* Pin pullers should be x-ray inspected.

< Microswitch quality assurance may need improvement.

Description:

Solar Array Appendage Description. The cosmic background explorer solar array
consisted of three wings, 120° apart, each with three panels. The three inboard hinges
had dampers that were heated with 10-W strip heaters controlled by the thermostats such
that there would be minimal temperature variations between the three input dampers. This
ensured that the major deployment geometry would be symmetrical. Each hinge line was
supported by two hinges, each one with an Elgiloy torsional spring for redundancy and
spherical bearings to allow misalignments due to thermal distortions or manufacturing
tolerances. This prevented jamming as well as providing a redundant torsional path for the
hinge. The top hinge was connected to a potentiometer (position telemetry) through a
U-shaped beryliium copper coupler, which would allow large misalignments without
affecting either the potentiometer or the deployment. The bottom hinge had the damper.
These rotary viscous dampers were modified to use McGhan-Nusil CV7300 silicone fluid,
which has very stable viscosity characteristics and has low outgas. This was a vast
improvement over the typical DC 93500 resin that has been used to a great extent in these
dampers. The new fluid was relatively inexpensive and has infinite shelf life as opposed to
the old fluid that was opposite on both counts. The DC 93500 was also extremely viscosity
sensitive with regard to temperature.

Solar Array Latch/Release Mechanisms. This system used the high reliability of pin
pullers rather than bolt cutters, producing virtually no particular contamination upon firing
and retained all of the hardware after firing so it would not pollute space with- debris that
would affect the sensitive instruments on the cosmic background explorer. There were two
different types of release mechanisms used on the solar arrays. The strategy was to
structurally decouple the solar array panels from the spacecraft and, thus, prevent them
from experiencing launch loads that would otherwise pass through the primary structure.
This was accomplished by having each solar array wing determinately supported. Each
panel was connected at the top and bottom along the centerline with a release mechanism.
The upper release mechanism had a conical connecting surface that reacted loads in three
translational and two rotational degrees of freedom. The lower mechanism was a V-guide
connection which allowed relative motion in the vertical direction. This was the source of
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greatest deflection from the structure and therefore the largest potential contributor of
second-hand loading into the panels. Whereas the top restraint required a 450-1b preload,
the lower restraint had essentially none, since relative vertical motion was a necessity.
However, they were tightened until there was approximately a 0.003-in. gap in the V-guides
to prevent rattiing, yet preserve its vertical motion capability.

Testing:

Hinge line assemblies were tested in a thermal vacuum chamber for independent charac-
terizations; later, air pad deployments on the flight spacecraft or engineering test unit tested
the system performance. A few problems were encountered at the launch site during final
testing. First, one of the dampers had to be replaced due to an air bubble in it for reasons
that are complicated. A replacement damper was on hand and the wing was redeployed
on the air pad table. Second, during one of the last deployment tests, a pin puller shaft
fractured and rebounded back into the unfired position. That particular pin had two retain-
ing holes drilled into it where there should have been only one, thereby critically weakening
the pin. The solar array release mechanism was designed to be redundant in that only one
pin puller needed to actuate. However, this failure had the possibility of being a repeated
manufacturing problem so all the x-rays of each pin puller on the spacecraft were intensely
scrutinized. It was determined that one pin puller was suspicious, so it was removed and
replaced with a one that had been x-rayed.

Experience:

The arrays deployed as planned, with the only anomaly being the minor inconsistent
behavior of a microswitch.

| iterature Review: Deployable Appendages 5
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Key Words:
Tracking and Data Relay Satellite (TDRS), Solar Array, Space Ground Link Antenna,
Omni/C Bank Antenna, Single-Access Antenna

Mechanisms:
Bolt Cutters, Motorized Hinges, Torsion Springs, Pin Pullers, Nonexplosive Actuators, Ball
Screw Mechanism

Systems:

TDRS

Authors; Experts:
1. P. Luce
2. John Young
Address:
1. NASA-Goddard Space Flight Center

Mail Code 731
Greenbelt, Maryland 20771

2. SAl

Telephone:

Title:

Spacecraft Deployable Appendages

Source:

Goddard Space Flight Center (1992)
Engineering Directorate
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Abstract:

NASA currently has four TDRSs in geosynchronous orbit. Two more spacecraft are being
built by TRW to provide the system with additional redundancy. This constellation of
satellites has dramatically increased the data rates and accuracy of communication
between spacecraft in near-Earth orbit (including the shuttle) and ground stations. The
TDRSs weigh nearly 5000 Ib each, including 1200 Ib of hydrazine propellant used, as
needed, for station keeping. They contain the most complex set of deployable appendages
ever launched by NASA.

Anomalies:

* TDRS On-Orbit Deployment Anomalies. There have been three noncatastrophic
on-orbit deployment-related anomalies. In fact, none of the anomalies has interfered
with normal spacecraft operations.

* TDRS-A. The field of view for one of the single-access antennas was restricted. This was
probably due to a pinched or snagged electrical cable that runs across one of the single-
access antenna gimbal joints. This restriction, however, was outside the range of normal
operations.

* TDRS-B. The single-access antenna delayed deployment by nearly 3 hr when one of
the compartment attachment lugs came into contact with the compartment kick-off spring
mechanism. It freed itself without any action from the ground.

* TDRS-D. One of the singlé-access antenna drive motors stalled because the biax
service loop harness became pinched between the boom and compartment. The motor
was reversed to relieve the pinch and deployment proceeded normally.

Lessons Learned:

¢ Reversible motors can help correct deployment problems.
+ Cable circuitry should avoid regions where the cable can get caught or snagged.
¢ Interference between actuation devices and attachment lugs should be avoided.

Description:

Figure 1 shows the spacecraft in the stowed configuration and Figure 2 shows it in the
deployed configuration.

Mounted to an inertial upper stage, the TDRS is launched on the shuttle. A spring-loaded
ejection system deploys the TDRS/inertial upper stage stack, and the first burn of the
inertial upper stage booster takes the TDRS to geosynchronous orbit. The second and
final burn circularizes this orbit.

The solar arrays consist of six large panels that form a hexagonal enclosure around the
spacecraft body in the stowed configuration. Structurally, there are two separate solar
array assemblies. Each assembly consists of a center panel and two outer panels.
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Figure 1. TDRS Stowed Configuration
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Figure 2. TDRS Deployed Configuration
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Testing:

TDRS Appendage Verification Testing. The following functional capabilities were verified

by test:
1.
2.
3.

Strength and stiffness verified by load deflection testing
Margins of safety verified by structural analyses and tests

Minimum torque/angle criteria established based on individual and combined resis-
tance torque measurements at worst-case temperature conditions

Maximum torque criteria set to ensure that deployment energy remains within safe
strength/deformation limits under dynamic latch-up conditions.

10
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Key Words:
Earth Radiation Budget Satellite (ERBS), Electronic Switching Spherical Array, Solar Array,
Molybdenum Disulfide (MoS,) Lubricant

Mechanisms:

Electronic Switching Spherical Array, Solar Array

Systems:

ERBS

Authors/Experts:

R. Mollerick

Address:
NASA-Goddard Space Flight Center

Mail Code 731
Greenbelt, Maryland 20771

Telephone:

Title:

Spacecraft Deployable Appendages

Source:

Goddard Space Flight Center (May 1992) -
Engineering Directorate

Abstract:

This article describes the ERBS and two deployable devices; an electronic switching

spherical array and two solar array panels. Due to inadequate temperature testing to
simulate cold-temperature bearing operation, the solar arrays did not critically deploy.
The reason was excessive bearing friction.
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Anomalies:

Failure of Solar Array to Deploy. Poor characteristics of MoS, lubricant at cold condi-
tions resulted in excessive bearing friction. The problem was resolved by manua! manipu-
lation of the bearings into sunlight.

Lessons Learned:

Insist on the contractor providing sufficient data to verify satisfactory compliance of the
test objectives. In this case, makeshift test setup conditions were inadequate to
control or achieve temperature extremes.

Convenience, speed, and cost savings are not always the best criteria for test purposes.
Certainly, the high-bay facility turned out to be convenient for the test setup. Quick and
inexpensive techniques for temperature control appeared workable. The fact that a
suitable chamber was not available in time for the test made all of the above choices
desirable. In retrospect, a humidity chamber of the right size including high- and low-
temperature control was necessary.

Insist on testing under realistic thermal conditions. Deployable appendages and
associated mechanisms are some of the most difficult subsystems to accurately model
and test because of numerous thermally conductive and nonconductive interfaces
when using, for example, rolling and point contact surfaces of bearings. Predicting
bulk temperatures went well, although temperature gradients for the arrays were
neither addressed nor tested. Temperature gradients between sun illuminated and
shadowed structures are likely to contribute adversely during deployment.

MoS,, while a good dry-film lubricant for space applications, can also be a nemesis for
failure. Case in point: each of the deployment drive mechanisms has bearings
lubricated with MoS,. It is known from the literature that MoS, has an affinity for
moisture. |t is not unreasonable to expect that under conditions of cold temperatures
(-44°C) and the balling-up phenomenon of MoS,, moisture molecules could create
frozen balls in the path of the rolling elements to impede available driving torque. In
fact, this is the major contributor believed to have prevented the solar array from
initially deploying while the spacecraft was attached to the orbiter remote manipulator
system. Fortunately, with man in the loop we were able to rotate the solar array hinge
line into the sun and monitor the deployment drive unit temperature with a box beam
thermistor located close to the drive units. Deployment occurred when the tempera-
ture climbed through 0°C.

Spring drives must use a minimum torque ratio of four. The deployment drive systems
each had a torque ratio of less than three. However, each drive had redundant torsion
springs and analysis indicated ample capacity for successful deployment. In addition,
testing indicated only small deployment rate variations between room temperature and
hot and cold extremes. In looking at the ERBS solar array deployment, it is conceiv-
able that a combination of cold temperatures, thermal gradients, MoS, lubricant, and
insufficient torque margins are likely to result in deployment problems.

12
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Description:

The ERBS, launched in October 1984, is an Earth-looking spacecraft with three scientific
instruments (ERBS-S, ERBS-NS, and SAGE-I!) in a circular orbit of 600-km altitude and
57° inclination. The 2250-kg (4960-1b) shuttle payload was determinately mounted in the
cargo bay using three longeron trunnions and one keel trunnion. The spacecraft is illus-
trated in Figure 1 and is composed of a base, instrument, and keel module.

There were two deployable subsystems on the ERBS spacecraft. These included an
electronic switching spherical array antenna and two solar arrays. Both systems use
similar deployment drives and release mechanisms. The drive system, illustrated in Figure
2, uses redundant torsion springs and a strike arm that engages a precrushed honeycomb
damper and lock system at the end of deployment travel. The release mechanism,
iftustrated in Figure 3, uses redundant nonexplosive initiators and is designed to release
the appendage with either nonexplosive initiator.

The electronic switching spherical array antenna is stowed between the solar arrays, as
illustrated in Figure 4, Detail A. The antenna is supported by a boom that pivots through
approximately 90° to full deployment and engages a lock.

The solar arrays are stowed on each side of the keel module, as illustrated in Figure 5.
Each array is supported by a keel box beam and redundant torsion spring drive systems at
each end.

The arrays rotate through 65° and 115°, respectively, at full deployment and engage the
respective locks.
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Figure 1. Deployed ERBS Spacecraft Configuration
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Figure 3. ERBS Release Mechanism
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Figure 4. ERBS Launch Configuration

Testing:

ERBS Deployed Appendage Test Objectives and Approach. The test objectives for the
deployables were to demonstrate release and deployment under g-negation and to
characterize appendage dynamics during hot and cold temperature extremes. Testing of
each appendage was configured with flight release and drive mechanisms and with mass
simulated arrays and antenna. Rotation of each appendage was around a vertically
oriented hinge line to minimize gravity effects. Release and drive mechanisms were instru-
mented to monitor all motion. Temperature extremes were achieved, aithough poorly con-
trolled, with heaters for the hot case, and liquid nitrogen vapors for the cold case. The
tests were performed by the contractor in a high-bay facility with makeshift wrap-around
plastic bags for the mechanisms to help achieve temperature goals. The bags allowed
freedom of motion for full appendage deployment.

Deployed Appendage Test Resuits. Thermal vacuum test results indicated that condi-
tions from room temperature to hot were easily achieved with repeatable data. The steady-
state cold case was difficult to achieve because of icing on the components and poor
temperature control due to the makeshift test setup. The predicted cold case test tempera-
tures of -49°C and -55°C for the sun and antisun sides of the arrays, respectively, were not
achieved under the described conditions. The coldest obtainable test temperature was -
33°C. The on-orbit monitored temperature in the center of the array box beam (sun side)
was -44°C.

Experience:
Initial deployment of the solar array abated by excessive drive torque, attributable to cold

temperatures and Mo$S, lubricant adversely affecting bearing operation. Astronauts rotated
the solar array hinge line onto the sun, and higher temperature aliowed deployment.

Literature Review: Deployable Appendages 15
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Key Words:

Solar Array, Deployment

Mechanisms:

Solar Array

Systems:

Deployment System

Authors; Experts:

P.L. Vorlicek, J.V. Gore, and C.T. Plescia

Address:

Ford Aerospace and Communications Corporation
Telephone:

Title:

Design and Analysis Considerations for Deployment Mechanisms in a Space Environment

Source:

16th Aerospace Mechanisms Symposium, NASA Conference Publication 2221 (1982).

Abstract:

On the second flight of the INTELSAT V spacecraft, the time required for successful
deployment of the north solar array was longer than originally predicted. The south polar
array deployed as predicted. A series of experiments was conducted to locate the cause of
the difference. Specifically, deployment rate sensitivity to hinge friction and temperature
levels was investigated. In conjunction with these experiments, a digital computer simula-
tion of the deployment was created to investigate the effect of parameter changes on
deployment. As a result of the experiments and simulation, hinge design was optimized for
nominal solar array deployment time for future INTELSAT V satellites. The nominal
deployment times of both solar arrays on the third flight of INTELSAT V confirmed the
validity of the simulation and design optimization.
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Anomalies:

On the second flight of the INTELSAT V spacecraft, the time required for successful
deployment of the north solar array was longer than originally predicted. The south polar
array deployed as predicted. '

Lessons Learned:
* Adequate theoretical analysis of a mechanism should be undertaken.

* Mechanisms should be tested under conditions that duplicate the range of expected
orbital environments in order to identify sensitive conditions.

« During the ground testing of very large complete assemblies, it is very difficult (if not
impossible) to adequately duplicate the orbital conditions.

+ The difference in deployment time was found to be due to a significant increase in hinge
friction at low temperatures.

* The hinge friction problem was overcome by increasing the bearing clearances to allow
for greater temperature variations and giving the hinges special lubrication.

Description:

The solar arrays on INTELSAT V consist of a yoke and three solar panels that deploy in an
accordion-type manner as shown in Figure 1. The array has two deployment mechanisms,
torsion springs, and closed-cable loops. The torsion springs provide the energy to deploy
the array. The closed-cable loops restrain the deployment of transferring torques between
the hinges, synchronizing the deployment angles and controlling the deployment rate to a
point within the structural capability. Springs on the closed-cable loop cables compensate
for changes in cable length due to temperature variation. The springs also allow the hinge
lines to be at somewhat different angles during deployment, which adds considerable
complexity to the mathematical mode! of the solar array deployment. On the second flight,
the south solar array deployed in 22 sec, while the north solar array took 32 sec. Original
predictions were for both solar arrays to deploy in approximately 13.5 sec.

Two sets of ground-based experiments were conducted using an engineering model and
flight hinge assemblies in order to determine the cause of the deployment time difference.
The deployment tests on the engineering model were divided into two groups:

* Attempts to duplicate the flight data

* Deployment tests with simulated hot and cold closed loops and hinges, duplicat-
ing on-orbit conditions.

Attempts to duplicate the flight data were unsuccessful. The orbital configuration of the solar
arrays during deployment is edge-on to the sun. This position results in a temperature differ-
ence between the sunward and shaded hinges. To evaluate the effects of hot and cold
conditions, a test was conducted where the upper hinges were heated to 85°C and the
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Figure 1. The Deployment Mechanisms and Hinges
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lower hinges cooled to -100°C. The deployment time in this configuration was increased
from 22 to 24.7 sec. These tests indicated an increasing resistance torque level with
decreasing temperature.

Additional tests were conducted to examine the closed-cable loop temperatures on deploy-
ment times. Temperature changes affect the length of the cables, which changes the point
at which the cables go siack. When the effects of temperature on the closed-cabie loops
were tested, significant variations in deployment time resulted. Under nominal on-orbit
conditions, the south array deployment time was 3 sec faster than the north array during
engineering model tests but this still did not account for the differences seen in flight.

The most important findings of the investigation were the measurements of the resisting
torques on flight hinge assemblies. These revealed that the resisting torques at low
temperatures in vacuum were much larger than values obtained from measurements on
development model assemblies and much larger than vaiues obtained in ambient condi-
tions. As a result of these findings, all the hinges were given special lubrication. In
addition, the bearing tolerances were increased to allow for greater temperature variations.
Tests on the modified hinges showed that the resisting torque was greatly reduced at low
temperatures and that it was not as sensitive to temperature variation as the original
hinges.

In conjunction with the laboratory experiments, a digital simulation of the solar array
deployment was developed. In the simulation, the torques acting on the hinges included:

¢ The torsion springs at the hinges
» Torques from the closed-cable loops
+ Stick-slip Coulomb friction torques (stiction).

Accurate simulation of stiction is important for both designer and analyst to consider, as this
was eventually found to account for the differences in the north and south panel deployment
times. A simulation of the deployment of the north solar array with the nominally measured
friction levels gave a deployment time of approximately 18.5 sec. Additional runs showed
that the deployment rate was most sensitive to the friction level on the yoke/solar array drive
assembly hinge. Raising the stiction on the yoke/solar array drive assembly hinge 50% and
the yoke/inboard pane! hinge 50% yielded a deployment similar to that experienced on orbit.

Based on the findings of the simulation runs and the experiments, several changes were
made to the hinges. Among the changes were:

* Special application of lubricant to all moving parts in the hinges

* Increased bearing tolerances to allow greater variation in temperature
« Increased polish on locking bars

¢ [ncreased torsion spring pretorque level.

Experience:

The modifications described above were included in the third flight of INTELSAT V, which
was successfully launched December 15, 1981. Data from the on-board accelerometer
showed that the first hinge of the south array locked up at 11.8 sec and the first hinge of
the north array began lock up at about 13.8 sec.
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Key Words:

Solar Array, Flexible Solar Array, Deployment, Solar Blanket, Solar Array Deployment

Mechanisms:

Systems:

Authors; Experts:
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Address:

Lockheed Missiles & Space Company, Inc.
Sunnyvale, California

Telephone:

Title:

MILSTARSs Flexible Substrate Solar Array — Lessons Learned

Source:

Abstract:

MILSTARs flexible substrate solar array is an evolutionary development of the lightweight,
flexible substrate design pioneered at Lockheed during the 1970s. Many features of the
design are related to the solar array flight experiment flown on STS-41D in 1984. Flexible
substrate solar array development has created a substantial technology base for future
flexible substrate solar arrays such as the array for space station Freedom. Lessons
learned during the development of the flexible substrate solar array can and should be
applied to the Freedom array and other future flexible substrate designs.

Anomalies:

«  During one of the first development tests, the suspension wire supporting the 10-kg
cover broke, causing a chain reaction domino effect to propagate down the blanket.
Several panels ended up on the floor of the test facility. After this incident, the cover
support wire was increased in size and changed from single-strand music wire to
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braided cable to avoid a future mishap. However, the remaining suspension wires
continue to plague the test fixture with fatigue-related breakage. They are being
converted to heavier gage braided cable as well. The main problem with the music
wire cables occurs at their end fittings, which have small radius bends, inducing low-
cycle fatigue failure. Revised end termination designs for the braided wire cable have
ball end fittings, or relatively large radius cable loops to eliminate these problems.

*«  Ambient testing of the flexible substrate solar array development unit proved that the
basic design was sound. One of the most important test results was the discovery of
panel-to-panel sticking, caused by assembly adhesive on the backside of the panels.
Because of this, manufacturing and handling procedures were successfully revised to
eliminate such problems on flight panels by scrupulous attention to cleanliness during
bonding operations.

¢  Additional testing with the development hardware exposed it to the ascent acoustic
environment, the release pyroshock environment, and ascent quasi-static loads. No
anomalies occurred during the first two tests, proving that the foam and rubber insula-
tion in the blanket container performed as intended. However, the quasi-static load
testing of the blanket container did result in unéxpected behavior. In order to properly
load the stowed blanket in the preloaded container, the entire assembly was placed on
a centrifuge, oriented such that the centrifuge arm was along the resultant load vector
for the worst-case peak-load condition. Before maximum load was reached, the
blanket panels slipped relative to one another, and the cover also shifted. Experimen-
tation found that the cover required lateral restraint and preload was raised from an
initial value of 9.3 to 13.4 kN to avoid slippage. Panel slippage while stowed and
preloaded is a concern because it can cause cell cracking. The centrifuge testing also
found inadequacies in the preload setting/measurement method.

Lessons Learned:

Many lessons have been learned during the design and testing of the flexible substrate
solar array. A summary of these includes:

DO's:
1. Establish written test requirements and a test plan as early as possible.

2. Devote sufficient resources to thoroughly prove 0-g deployment test equipment works,
and that it is robustly designed with fail-safe features or high structural margins.

3. Minimize deployed mass at the deployed end of the array or mast (leave the cover at
the base). .

4. Create a finite-element model of blanket container preload distribution.

5. Perform development acoustic and shock testing as appropriate to establish minimum
acceptable blanket preload to survive these environments.

6. Consider pretesting cell assemblies by uniformly preloading prior to incorporation in the
blanket. This will eliminate or reduce cell cracking caused by cell assemblies with
residual stresses.
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Insist on high cleanliness standards during panel bonding, especially when the process
involves cutting film adhesives, to avoid panel sticking.

Use electromechanical measurement of preload when it is critical. Ensure adequate
strain reliefs are provided for connection wires.

Maximize spreader bar stiffness in the deployment plane, and perform analysis to
ensure acceptably low deflection to avoid panel warping or wrinkling.

Be aware that molybdenum disulfide (MoS,) coatings have a coefficient of friction
dependent upon humidity. Variations are on an order of magnitude between ambient
and vacuum conditions.

DON'Ts:

1.

Do not rely on preload and friction to hold a blanket stack in place during ascent; use
a positive mechanical load path such as pins, skewers, or interlocking sections. A
reduction in applied pressure from 9.7 to 1.2 kPa (a factor of 8) should be possible if
this is done.

Avoid overly complex electronic test consoles; if a simple power supply with polarity
and on/off control suffices, use it.

Avoid using notch-sensitive materials, such as threaded fasteners. The original tension
rod cam roller bearing screw was 440C CRES and broke at the root of the first thread.

Do not apply MoS, coatings to both surfaces of a sliding/mating pair, or a higher
coefficient of friction will result that if only one surface is coated (this occurred in the
tension-rod Belleville washer stack).

Do not allow inexperienced engineers to design spacecratft mechanisms without sufficient
supervision and design review (many details of the preload/release mechanism have
required changes, due to the designer's lack of experience and insufficient review).

Description:

The flexible substrate solar array is a large deployable solar array made up of flexible
substrate electrical panels that are fan folded when stored. When deployed, the array is
15.2 m long x 3 m wide. Each panel is about 0.4 mm thick and, when folded for storage,
the blanket stack is 2.5 cm thick. There are 69 active panels with solar cells and 7 spacer
panels without cells.

During launch, the stack is compressed between two foam and rubber-lined honeycomb
panels. Preload clamp and release action is produced by a multipoint preload/release
mechanism. Upon release, the cover panel is rotated up and out of the blanket deploy-
ment path by two four-bar hinge mechanisms. Deployment is then effected by a coilable
longeron Astromast attached to the blanket by a spreader bar (upper tension bar). The
mast pulls the panels out of the stowed stack as it extends. Orderly unfolding and

alignment is assisted by three guidelines controlled by tensioning mechanisms. Near the

end of the mast travel, the blanket is automatically tensioned by two mechanisms acting on

a second spreader bar (lower tension bar).
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The application of pyrotechnics to aerospace systems has been resisted because normal
engineering methods cannot be used in design and evaluation. Commonly used approaches
for energy sources, such as electrical, hydraulic, and pneumatic, do not apply to explosive
and pyrotechnic devices. This paper introduces the unique characteristics of pyrotechnic
devices, describes how functional evaluations can be conducted, and demonstrates an
engineering approach for pyrotechnic integration. Logic is presented that allows evaluation of
two basic types of pyrotechnic systems to demonstrate functional margin.
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Anomalies:

¢ Blowby across O-ring seals — some of the molybdenum disulfide (MoS,) coating on the
pin deposited on the O-ring, preventing a seal.

* A soft, electrodeposited nickel/Teflon coating on the piston bore wiped off on the O-rings,
preventing a seal.

Lessons Learned:

* A principal cause of pyrotechnic device failures is inadequate functional margin. In the
case of the pin puller, the initial design could not accommodate lot-to-lot variations in
cartridges, combined with improper coatings on the piston and bore.

» Variables of a pyrotechnic system must be evaluated and functional margins estab-
lished. Tests shouid be conducted with flight representative hardware and functional
dynamics applied to either: 1) measure and compare the energy delivery capability of
the explosive or pyrotechnic power source to the energy required by the mechanical
function, or 2) quantify and compare key functional performance parameters.

¢ Soft coatings on pistons and bores can wipe off on O-ring seals reducing sealing
effectiveness and degrading pin puller operation. For pistons, electrodeposited nickel/
Teflon coating is recommended. Hard anodized aluminum uncoated housings are
recommended.

Description:
The Viking pin puller releases an antenna on the mission's Mars Lander. Its design and sys-

tem variables are shown in Figure 1. Firing either cartridge first fails the shear pin and drives
the piston from left to right to withdraw the pin. The pin puller was inconsistent and failed.

I Cartridge Port (2)

0-rings (with lubrication)

O~rings (with lubrication)
F:qi. A cap
-@© ]
- N & 2 5
= = X Yg
Pin (with dry lubricaat)
Shear Pin { t I
I I ) . Shock Absorber
l i Housing (material and ' (Crush Cup)
4_____k\\\ interior coating)
Cartridge
95TR4/V2

Figure 1. Viking Pin Puller
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The purpose of the effort described in this paper was to improve the understanding of how
pyrotechnical devices work by demonstrating a method of measuring the performance
margin of a pyrotechnically actuated pin puller for use on NASA's halogen occuitation
experiment instrument, which is on an orbital spacecraft.
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Anomalies:

Magellan Failures. Early in the program a functional failure occurred. The pin had
strokes approximately half the required distance. The force required to push the pin to
the end of its stroke was approximately 50 Ib. An inspection revealed that the NS! port
had not been chemical-chromate coated, as required by drawing. Additional firings of
deliberately uncoated units, and properly coated units showed that coated units pro-
duced consistently higher peak pressures, so the failure was considered resolved.

Within three more firings, a second failure occurred. In this failure, the pin stroked less
than 0.02 in. The dissection revealed that the web in the port into which the NS| was
fired was deformed and had gripped and locked the piston into place. This pin puller
design was then abandoned in favor of another previously qualified design. There was
no failure resolution.

Halogen Occuitation Experiment Failure. An x-ray examination revealed that the pin
puller bores on all the Viking units had been drilled off center by as much as 0.009 in.,
thus, causing the webs to vary by that amount. On removing the caps from the bodies
of three pin pullers that had been fired with a single NSI, two units had not fully stroked
to contact the end cap, and the third had just contacted without appreciably deforming
the energy-absorbing cup to achieve the locking function. The fourth unit had been fired
in a nonstandard mode with two simultaneously initiated NSis. The energy-absorbing
cup in this unit was completely flattened. The cylinder bores indicated no appreciable
web deflection in the NSI port bottom and only minor scuffing on the walls. There were
no obvious indications of blowby around the O-ring seals.

Lessons Learned:

In summary, the aluminum-bodied test series revealed that a considerable increase in
energy required to stroke couid be expected with less lubrication on O-ring interfaces.
The chemical chromate and molybdenum disulfide coatings reduced the sealing relia-
bility of O-ring interfaces. The aluminum body had a sensitivity to deformation. The
steel-bodied test series revealed considerable output variation among VSI and NSI lots
and that the combustion efficiency of all lots could be significantly enhanced by using an
epoxy nozzle and an external BKNO3 booster charge. Also, the steel body exhibited
none of the sensitivities to sealing or metal deformation. Finally, the use of a steel body
met the requirement that the NSI energy output (127 in.-lb for lot XPF) was at least
three times the energy required to stroke (25 in.-Ib).

For the Viking pin puller design, there was an inadequate demonstration of functional
margin. That is, not enough information had been obtained on the influence of func-
tional variables and how much energy was consumed by these variables in accomplish-
ing the function. The Magellan failures occurred when production variables reduced the
pin puller's performance below its functional threshold: 1) sliding friction increased,

2) O-ring seals were poor, 3) the combustion efficiency of the NSI| was reduced, and

4) the aluminum housing deformed.

Functional margin should be determined, comparing energy deliverable by a cartridge to
the energy required for the device to function. The energy deliverable by the cartridge
should be measured by firings in the actual device. Energy required should be deter-
mined by drop tests on the actual device.

28

Literature Review: Deployable Appendages



" Mechanical Technology Inc.

« A further conclusion is that the changes made to the pin puller design, specifically using
steel instead of aluminum and using a more durable dry coating on the pin, significantly
improved functional performance.

Description:

The Viking application was to release an antenna on the surface of Mars, and the halogen
occultation experiment application was to release a gimbal interface in Earth orbit. Both pin
pullers had the same basic design: a 0.25-in. diameter pin was withdrawn just over 0.5 in.
by firing either of two cartridges. The cartridge output vented through a 0.100-in. diameter
opening out of the port to pressurize the pin side of the piston. The shear pin failed at
approximately 80-Ib static force. Redundant O-rings were used on both the pin and the
piston and lubricated with medium-consistency silicone grease. A deep-drawn, 0.15-in.
long, 0.010-in. wall thickness, 302 stainless steel energy-absorbing cup (see Figure 1)
crushed on impact into the cap to remove the excess energy from the pin-piston and
prevent rebound.
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Figure 1. Cross Section of Steel-Bodied Halogen Occultation Experiment Pin Puller
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This paper describes a survey compiled for a 23-yr period which includes 84 serious
component or system failures (12 occurred in flight with fully developed and qualified
hardware). Analyses are presented as to when and where these failures occurred, their
technical source or cause, followed by the reasons why and how these kinds of failures
continue to occur. The results of these efforts frequently indicated a fundamental lack of
understanding of the functional mechanisms of pyrotechnic devices and systems, followed
by not recognizing pyrotechnics as an engineering technology, insufficient manpower with
hands-on experience which has led to a heavy dependence on manufacturers and too few

in-house test facilities.
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Anomalies:

Date Project Faiture Source of Failure Resolution

1976 | RSRA Firing pin assemblies corroded and locked | Bad design Redesigned,
in qualification requalified

1973 | Classified Pin puller failed during system test Lack of understanding Redesigned,
(cartridge closure blocking port) requalified

1979 | Classified Pin puller body ruptured during system Lack of understanding Redesigned,
test (inadequate containment margin and requalified
variation in metal grain orientation)

1987 | Magelian Pin puller failed to stroke against flight- Bad design, misapplica- | Replaced,
side load (NS! output restricted, causing tion of hardware requalified
reduced output and housing deformation
against working piston)

1986 | Magelian Pin puller failed to function in LAT (NSI Misapplication of hard- | Changed manu-

Orbiter produced insufficient pressure caused by | ware, lack of under- facturer and
coatings of pressurized volume) standing design

1986 | ASAT Bolt cutter failed LAT (improper compres- | Incorrect specification Correct
sion margin test requirement) specification

Lessons Learned:

95TR4NV2

The 1987 failure of two Magellan pin pullers has far greater potential impact than is initially
apparent. This pin puller was the same unit fully qualified for the Viking Lander spacecraft
for the 1976 landing on the surface of Mars. After this experience and with its pedigree,
two units from a duplicate lot of pin pullers failed to function in a failure mode not recog-
nized in the original design, development, and qualification. First, the extremely dynamic
pressure impulse output as designed of the NSI, when fired into a small eccentrically
vented cavity, was severely attenuated reducing the energy available to stroke the piston.
Furthermore, the bottom of the cavity was deformed by the pressure into a groove in the
piston, which had to stroke to pull the pin. This device may have always been marginal
when operated by a single-cartridge input.

For the source of failures, the shocking statistic is that 35 of 84 (42%) of the failures were
caused by a lack of understanding; i.e., the personnel working the problem at the time did
not have the technology needed to understand and correct the failure. Unfortunately, 24
were mistakes, caused by poor designs and misapplication of hardware, which means that.
personnel did not apply the known technology. The next 22 failures have to be categorized
as carelessness through manufacturer's poor procedures and quality control.

32
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Since pyrotechnics are single-shot devices, past approaches for demonstrating reliability
have relied heavily on developing a statistical verification without a clear understanding of
functional mechanisms and the relative importance of system parameters. That is, once a
successful performance was achieved, emphasis was placed on accomplishing large
numbers of consecutive successes. (More than 2000 units are needed to establish a
99.99% reliability at a 95% confidence level.) However, the current approach often is to
run full-scale systems tests on as few as six assemblies or less with no statistical guaran-
tee of reliability, and without an adequate understanding of how the mechanisms function,
which can be a prescription for disaster.
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Super*Zip joint, applied in a ring configuration, utilizes an explosively expanded tube to
fracture surrounding prénotched aluminum plates to achieve planar separation. A unique
test method was developed and more than 300 individual test firings were conducted to
provide an understanding of the severance mechanisms, the functional performance effects
of system variables, and the most likely cause of system failure. An approach for defining

functional margin was developed, an

existing and future systems.

d specific recommendations were made for improving
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Anomalies:

* The patented Lockheed Super*Zip spacecraft separation joint was planned for use on
the space shuttle to release the Centaur vehicle (120 in. diameter) and the inertial upper
stage (91 in.) at the same separation plane as the Centaur and the Galileo spacecraft.

+ Following functional failures of two out of a group of five Lockheed Super*Zip spacecraft
separation joints in a shuttie/Centaur thermal development test series to quantify thermal
effects, an evaluation program was initiated on this and the related inertial upper stage
and Galileo systems to assist in preventing a recurrence of failure.

Lessons Learned:

The severance mechanisms of the Super*Zip separation joint are complex. The ligament
area is initially impacted by the explosive pressure wave, which induces a structural
weakening. An extremely rapid bending stress/strain condition is then induced in the
ligament, which ultimately fails in tension at a much smaller energy level than can be
achieved with mechanical impact. The most surprising result of this investigation was that
thin (0.025-in.) ligaments were more difficult to sever than thicker (0.042-in.) ligaments.
This phenomenon can be attributed to the differences in the dynamic stress/strain condi-
tions induced in the two different thickness ligaments; in simpler terms, thin sheets can
more easily be rapidly bent around small radii without fracturing than can thick sheets.
Tube ruptures are induced by the explosive pressure wave driving the flattened tube radius
closest to the explosive source in the dual-cord configuration into the ring structure. The
tube is thinned on the peak of the radius by the initial impact and is then flattened across
the entire radius against the end ring structure. As the flattened portion of the tube
expands, the radius area is dynamically forced into tension, inverting the shape from
convex to concave and inducing failures at the thinned sections. The single-cord configura-
tion indicated no trend toward tube rupture with increased explosive load.

Description:

Figure 1 shows the components used in the Super*Zip. The Super*Zip separates into two
parts as shown. Separation is accomplished when either explosive cord is fired. The

explosive pressure wave expands the tube (which contains all explosive products) against
the doublers and fractures are induced in the ligaments progressing around the cylinder.

Testing:

A series of five thermal development tests were conducted: one at approximately -40°F, three
at -80°F, and one at -120°F. The failures occurred at -80°F and -120°F. The joints were
cooled in a closed chamber free from moisture or frost buildup. The thickness of doublers in
all five tests (39 doublers per test) are summarized in Table 1. Functional failures (i.e., no
severance) began occurring at a thickness of 0.086 in. and, as thickness increased, more
failures occurred even though all ligaments were closely controlled to +0.002 in.

36
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Figure 1. Component Identification of Separation Joint
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Anomalies:

"~ » Using bearings for small rocking motion applications has its problems. Even with a
porous retainer, there is no fresh supply of oil to replenish the contacting surfaces with
small oscillatory motions. Torque can skyrocket as either the oil breaks down or the
bearing starves. In a test conducted at Hughes, Bray 815Z had half the initial torque of
Apiezon C (with an extreme pressure additive) in a 4° gimbal bearing test. But after
7 x 10* cycles, the Bray 815Z turned to "brown sugar" and the bearing torque quickly
increased by a factor of 10. ’

* During one of the solar array deployment tests in 1989, a pin puller in a release mechan-
ism was actuated, the pin was retracted inside its housing to release the solar array but
then rebounded back out of the housing. The normal function of a pin pulier is to retract
and stay flush inside the pin puller housing. The malfunction of this pin puller did not stop
the deployment of the solar array because of the mechanical redundancy of the release
mechanism. The rebound of the pin outside the housing forced us to investigate our pin
puller design. The result of this investigation showed that an extra shear pin hole was
accidentally drilled 120° away from the original shear pin hole on the pin puller.

« Some gas molecules will leak out of the actuator assembly during the actuation and
some over a period of time after the actuation because most pyrotechnic actuators have
only a single Viton O-ring. If the spacecraft requires an extremely high level of cleanii-
ness, then a hybrid sealing system must be designed for the actuator assembly. A
hybrid sealing system design consists of a Viton O-ring and silicon O-ring that are
located side by side in the leakage path.

Lessons Learned:

Hinges

The torque generated by the hinge assembly should be greater than the torque required to
deploy the appendage in a 1-g and a 0-g environment by a minimum factor of 4.

Bearings

1. The peak contact stress should be kept below 580,000 psi for stainless steel
bearings (440C steel).

2. The bearing should withstand launch loads that are estimated by multiplying the
estimated weight of the rotating portion by the estimated gravity load value and by
an amplification (Q) factor. Q factors have been measured as high as 25, but at
the beginning of a design we usually estimate around 10. A Q factor of at least 5
should be used.

3. A 200-hr run-in test of the bearings should be done at operating speeds.
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Lubrication

in order to prevent destructive chemistry, the surfaces in contact need to be passivated in
some manner. Ceramic hard coatings like TiN or TiC will eliminate catalytic reaction.
Conventional nitride hard coatings are also effective. In the case of ball bearings, replacing
the stainless steel 440C balls with ceramic Si3N, balls eliminates the breakdown. Also, to
prevent oil starvation, it is always good practice to use a porous ball retainer that functions
like a reservoir of oil and dilutes any breakdown products.

From past design experience in pyroactuators, we learned that the material impact strength
is usually a more critical variable than the ability of the pin puller to withstand the high
inertia load of a deployable system, especially if the device is required to operate in a cold
environment. Material impact strength drastically drops when the temperature drops. ltis
recommended that when the inertia load of the deployable system is low, a more ductile
material be selected over a brittle material for the actuator housing and piston. It is also
recommended that for the pin puller lot acceptance test, at least one test should be to
subject the pin puller to zero inertia load in the shear direction and, in a cold operating
temperature, actuate the pin puller with 125% explosive power.

In addition, almost every deployment device related to spacecraft on-orbit configuration
change is a mission catastrophic single-point failure if it does not function properly. The
following are some ground rules from lessons learned for designing such devices:

1. All deployed appendage programs must have engineering test units.

2. Al flight units and engineering test units must be testable to determine deployment
margins.

Analyses must be verified by judicious hardware testing programs.
There must be adequate life testing early in the program.

There must be redundant backup systems in all critical areas.

o 0 ~w

Worst-case analyses and failure modes effects and critical analyses must be
performed and verified by actual hardware testing. Conditions that must be
considered include worst-case friction, misalignment, and excessive preload.

N

All devices should be designed as simple as possible to do an adequate job.

8. Consider the effects of mounting system redundancy and structure-induced input
forces not only on the devices but also on the internal components of the devices.

9. Look for all possible hostile environmental effects and design to minimize their
impact. Pay particular attention to vacuum, thermal control, and 0-g effects that are
not always intuitive to the designer.

10. Select devices that are directly testable and reusable to be qualified by analysis
rather than single-use devices that are statistically qualified to a pass/fail criterion.

11. Use the largest possible margin of operation in all devices consistent with consider-
ation of undesirable effects on the surrounding hardware. These undesirable
effects include large forces developed by end-of-travel latch-up and shock from
pyrotechnic device firing.

12. Make installations such that the devices can be verified for proper installation.
Knowledge of preloads, position of parts, status of switches, or other electrical
interfaces should be known or testable.
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Anomalies:

The polyamide rail failed during initial testing. The rail end points, around which the
toggle pivots fractured from unexpected high inertial loads. The toggle impacted the rail
ends as it moved into the latched position and again when it rotated. Both motions and
the associated impact led to a rapid brittle failure breaking the ends off the rail. More
tightly controlling the toggle movement might have eliminated this failure, but it was
clear that a more durable material was required for this part to ensure reliability under all
conditions.

Because limiting weight was important and because the rail experienced light loading
from the toggle sliding along it, 6AI-4V titanium was initially substituted. Galling
occurred within 100 cycles although contact surface loading was less than 25 psi
against the stainless steel toggle. The galling produced progressively higher drag and
could not be mitigated by smoother surface finishes. The titanium was therefore
deemed unsuitable. ‘

Thermal testing revealed interference between the output shaft and its bushing at low
temperatures. The bushing, fabricated from polyimide, shrank onto the output shaft at
60°C and created friction. Enlarging the bushing bore corrected the problem.

Lessons Learned:

CDA 624 aluminum silicone bronze, CDA 655 silicon bronze, and CDA 630 aluminum
nickel bronze were employed for the rails. After initial wear-in (approximately 50 cycles)
the toggle was burnished from contact with the rail and neither part demonstrated
significant wear during subsequent testing to 20,000 cycles. CDA 630 bronze was
selected because of its resistance to corrosion and slightly better wear characteristics.

Thermal binding must be considered, not only for high-temperature operation, but for
low-temperature operation as well.

Iteratively designing a complex mechanism using computer-aided design (CAD) and
using pasteboard mock-ups can be a more efficient process than detailed mathematical
analysis of component geometries:

1. Components can be visualized throughout their range of motion
2. Interferences can be identified and eliminated

3. Kinematics and component shapes can be easily optimized by simultaneously
seeing the effect of changes in all positions.

44
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Description:

This final design is shown on Figure 1 and has the following characteristics:

1. To patch and unlatch the mechanism, the logic element, called the toggle, moves
between a series of stable positions.

2. The toggle moves through the series of positions by pivoting about different
features of the toggle. These movements are created by a separate low-force
spring (the toggle spring) rather than by the throughput loads.

3. The toggle does not carry loads during actuator extension or retraction. |t locks up
the load-carrying components when in the latched position. No motion, and,
consequently, no significant wear, can occur when the toggle is loaded.

4. The shapes of the toggle and latch components are optimized to minimize
overtravel. Overtravel ideally can be limited to only what is required to accommo-
date tolerance stack-up.

5. None of the output loads is translated to sliding surfaces during extension or
retraction, eliminating significant wear points in the mechanism.

Size/Mass. Final dimensions of the single-switch version of the mechanism are 2.3 x 4.2 x
3.2 cm (0.90 x 1.65 x 1.25 in.) and mass is 86 gm. Dimensions of the two-switch version
are 2.5 x 4.3 x 4.5 cm (1.0 x 1.7 x 1.75 in.) and mass is 100 gm.

Output Loads. During extension and retraction, output loads are carried axially from the
actuator shaft to the mechanism output shaft. None of the output load is translated to
normal forces on wearing or moving surfaces. Static load testing at 100 kg (220 Ibf) and
qualification testing at 80 kg (175 Ibf) dynamic load for 15 cycles produced no wear or
damage to latch components. This testing established a margin of greater than three
above the nominal rated operating load of 23 kg (50 Ibf).

Overtravel/Stroke. As currently configured, 0.08 cm (0.030 in.) of overtravel is required to
operate the latch. An additional 0.08 cm (0.030 in.) is required to operate the limit
switches. A remaining 0.152 cm (0.060 in.) of overtravel is used to ease part tolerance
requirements, assembly tolerance, and to accommodate a large variation in environmental
temperature. Total overtravel is 0.32 cm (0.125 in.). Overtravel was reduced to 0.19 cm
(0.075 in.) by utilizing a custom switch blade and by tightly controlling tolerances.

The use of an SRC IH 5055 actuator with 1.5 cm (0.575 in.) of available stroke provided
1.1 cm (0.45 in.) of stroke between the retracted and extended latched positions, even with
the more generous 0.32 cm (0.125 in.) of overtravel.
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Toggle. The logic element of the mechanism. Moves inside the slide to latch the mechanism
(303 stainless steel).
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2. Slide. Carries the throughput load from the output shatt around the toggle to the actuator shaft
(Envex 1115).

3. Output Shaft. Carries the load to the slide and to the toggle in the latched position. Houses the
toggle spring (303 stainless steel).

4. Reset Plate. Resets toggle to its initial position (Envex 1115).

5. Rail. End of the rail captures the toggle forcing it to pivot into the latched position. The toggle slides
on the rail (630 bronze).

6. Toggle Spring. Applies an axial off-center load to the toggle that forces the toggle to pivot through
various overcenter positions (18-8 stainless).

7. Housing. Houses components and mounts to spacecraft. Actuator mounts to housing (6061-T6
aluminum).
Cover. Encloses components after assembly and restrains bushing (6061-T6 aluminum).
End Cap. Captures bushing and supports output shaft. Allows visual access to components
(6061-T6 aluminum).

10. Bushing. Guides the output shaft (Envex 1115).

11. Limit Switch. Signals actuator extension (Honeywell 9HM1).

12. Switch Blade and Roller Assembly. Interfaces with slide to actuate the limit switch
(Microswitch JS-151).

13. Actuator Output Shaft. Output of paraffin motor (Nitronic 60).

Figure 1. Final Design
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Testing:

As initially configured, all siding surfaces in the mechanism were metal on molydisulfide-
impregnated polyamide (Vespel and Envex are trade names for Mil-Spec versions of this
material). This required the slide, rail, and bushing to be made of polyamide. Fabricating
these parts required developing machining expertise because of the brittleness of the
material and its tendency to chip and split when in shear. Carbide tools, backing up edges,
high tool speeds, and high feed rates were necessary for fabricating the complex shapes
required. ‘

Repeated latch operation at 80 kg (150 Ibf), greater than three times normal load, was
performed. The mechanism functioned smoothly with no deformation or excessive
component wear, confirming satisfactory strength margins for the latch and load-carrying
components.

Standard mounting of the Honeyweli Microswitch 9HM1 switch and its associated roller
blade uses only the clamping friction created by torquing the switch mounting screws to
1728 gm-cm (1.5 in.-Ib) to secure the blade in position. Because one of the mechanisms
designed required stacking two 9HM1 switches on top of each other, there was a concern
that the blades and, therefore, the switch actuation point might shift from vibration. The
mounting security was improved by assembling the switches with urethane between all the
parts, effectively bonding the assembly.

The mechanism was subjected to, vibration testing at 20-, 30-, and 50-g rms. There was no
change in mechanism function and the latch stayed in position during vibration. The
Honeywell 9HM1 limit switch point of operation shifted by 0.025 cm (0.010 in.) after 20-g
vibration. This shift was due to changes in the internal components of the switch and was
expected. Mechanism tolerance was sufficient to accommodate this shift and no further
shifts were noted at the 30-g and 50-g vibration levels.

Experience:

Initial material selections failed because of shock-loading-induced fracture of brittle polya-
mide molydisulfide-impregnated parts and galling of titanium parts. Redesigned mecha-
nism using 303 stainless steel and CDA 630 aluminum nickel bronze was successfully
tested for 20,000 cycles.
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Abstract:

Assembling spacecraft systems from modular sections has changed the role of structural
latching systems. Docking methods involve controlled berthing techniques using end effector
and robotic arm systems. Latches are now required to operate reliably for many connect/
disconnect cycles and multiyear lifespans. This paper discusses procedures for selecting
latching systems, and outlines a judgement criteria system that can be used to select the best
designs. As an example, the authors use the latch selection for the NASA flat-plate interface
prototype. This is an integrated modular connector designed to transfer thermal energy,
electrical power, and signal data between two structures with very flat mating surfaces.
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Anomalies:

The use of a slip clutch to set preload gave large differences when operating in air or
vacuum.

Lessons Learned:

» Coefficients of friction can be quite different in air and vacuum.

» Load control is a particular problem with hook systems where the load is usually preset by
rigging. Load changes due to thermal or dynamic fluctuations cannot be compensated.

» The selection methodology described in the paper is an excellent guideline to designers.
» For roller screw latches, thread engagement is improved by providing lead-ins.

* Rolling element latch interfaces reduce particle generation. The addition of Teflon wiper
seals control loose particles in the roller screw latch and receptacle nut.

» A run-in and cleanup procedure reduces particle generation from initial actuations.

« The only reliable method to control the roller screw latch preload was to limit motor
power.

Description:

Assembling spacecraft systems from modular sections has changed the role of structural
latching systems. Docking methods involve controlled berthing techniques using end
effector and robotic arm systems. Latches are now required to operate reliably for many
connect/disconnect cycles and multiyear lifespans. This paper discusses procedures for
selecting latching systems, and outlines a judgement criteria system that can be used to
select the best designs. Most spacecraft latch systems in use today are based on actuated
hooks or threaded fasteners. Both systems rely on the interlocking of piece parts to retain
an object, but differ in their axis and type of movement. The primary advantages of hook
systems are rapid actuation and high misalignment tolerance. The major disadvantage is
that length and preload are relatively fixed. Threaded fastener systems are variable in
preload and length, but require finer alignment and are slower in actuation. Berthing
technology has reduced the necessity for rapid actuation because closing velocities are fow
and alignment is more controllable. Fastening systems with reach and alignment flexibility
are being developed for connector and standard interface systems where close prelatch
orientation is available.

Load control is a particular problem with hook systems where the load is usually preset by
rigging. Load changes due to thermal or dynamic fluctuations cannot be compensated.
Fasteners usually contro! load through their drive systems by either power control, active
feedback through a sensor system, positional sensing, or mechanical control such as a
clutch system.

50
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Latch selection can consist of seven phases:

. Definition of functional latch requirements

. Proposal of candidate techniques

. Establishment of weighted judgement criteria

. Selection of final candidates per weighted criteria

. Formalization of functional latch requirements

. Optimization of final candidates to functional requirements
_ Selection of final latch system per weighted criteria.

~NOoO o O~

The authors use, as an example, the latch selection for the NASA flat-plate interface proto-
type. This is an integrated modular connector designed to transfer thermal energy,
electrical power, and signal data between two structures with very flat mating surfaces.
High preload generation, reliability, life, and low contamination are mandatory. Candidate
latching concepts included a powered pawl latch, a roller screw structural latch, a powered
claw latch, and a powered nut/bolt latch system. Functional requirements for the latch are
shown in Table 1. '

Table 1. Functional Requirements for the Flat-Plate Interface Prorotype Latch

Structural preload 23,600 kg (8,000 Ib)
Ultimate load 26,800 kg (15,000 ib)
Take-Up load 2225 kg (500 'b)
Preload adjustable Up to 4,550 kg (10,000 1b)
Actuation time <100 sec

Lateral, fongitudinal misalignment <3 mm (0.125 in.)
Angular misalignment <2°

Mass <20 kg (40 Ib)

Lite >1,000 cycles over 10 yr
Power TBD at28 V dc
Negligible particulate and gaseous contamination

Simple operation, extra vehicular activity compatible

Full retractability into interface, damage-resistant design

Full accommodation to the TRW foad distribution and flat-plate system

95TR4NV2
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The latches were evaluated against weighted judgement criteria as shown in Table 2.

From a design standpoint, the roller screw latch was chosen as the best candidate.

Figures 1 through 5 show the assembly and details of the drive. The latch is powered by a
brushless dc motor acting through a worm drive system that is torque limited by a slip
clutch. The drive system advances the screw and tightens it to a predetermined load.
Then, the motor direction is reversed to retract the roller screw back into its housing.

Possible modes of failure were considered. These included:

» Thread engagement (possibility of misalignment)
» Roller screw latch preload control

» Slip clutch operation

+ Contamination control.

Table 2. Weighted Judgement Criteria

Weight Fixed Acme :owered Roller Screw Powered Pawl
. ut/Bolt
Item Criteria Factor
(1-10) Value | Score | Value | Score | Value | Score | Value | Score
1 Cost 8 4 32 5 40 3 24 5 40
2 Simplicity 5 4 20 4 20 3 15 4 20
3 Function ¢] 7 63 6 54 9 81 8 72
4 Mass 4 5 20 6 24 3 12 5 20
5 Power 4 5 20 5 20 7 28 6 24
6 Load 9 7 63 8 72 9 81 8 72
7 Envelope 7 4 28 7 49 5 35 5 35
8 Reliability/life 9 5 45 4 36 9 81 8 72
9 Service/maintenance 5 5 25 4 20 7 35 8 40
10 | Environment compatible 9 5 45 4 36 8 72 7 63
11 Safety 5 4 20 5 25 6 30 5 25
12 | Design flexibility 4 4 16 6 24 8 32 7 28
13 | Design maturity 2 5 10 6 12 4 8 8 16
14 | Operation simplicity 7 7 49 8 56 9 63 7 49
15 | Electronics complexity 5 5 25 6 30 6 30 5 25
16 | Schedule 6 5 30 5 30 5 30 6 36
17 | Miscellaneous factors 7 7 49 7 49 7 49 4 28
18 | Control 7 5 35 5 35 7 49 6 42
Totals - - 595 - 632 - 755 - 707
95TR4NV2
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Figure 1. Roller Screw Structural Latch System
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Figure 3. Roller Screw Latch Assembly
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Figure 5. Recirculating Roller Screw Nut
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The following steps were taken to resolve these problems:

Thread engagement was improved by providing lead-ins.

The gear stiffness was found to be marginal and was improved by a number of
changes such as increased shaft size, revised housing design, and mounting
with preloaded bearing sets.

The gear and worm will both be lubricated with WS, and Braycote 601 grease.

Preload control was supposed to be a single-stage actuation where the drive
system would be powered to a stall, but variables in the drive system would
have varied preload levels beyond acceptable limits. It will now be done by a
two-stage actuation with motor power set by current limiting devices.

The slip clutch was intended to control the roller screw latch preload, but the
wide difference in friction between air and vacuum operation precluded this
approach. The function of the clutch was downgraded to an overload protection
role.

A number of techniques were used to minimize contamination. Rolling element
latch interfaces were selected, in part, to reduce particle generation. In addition,
Teflon wiper seals were added to control any loose particles in the roller screw
latch and receptacle nut. A run-in and clean-up procedure reduces patrticle
generation from initial actuations.

56
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This report is a compendium of satellite experience and mechanism design practices

compiled by the engineering staff at NASA-Goddard.
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Anomalies:

During one of the solar array deployment tests in 1989, a pin puller in a release mecha-
nism was actuated; the pin was retracted inside its housing to release the solar array, but
then rebounded back out of the housing. The normal function of a pin puller is to retract
and stay flush inside the pin puller housing. The malfunction of this pin puller did not stop
the deployment of the solar array because of mechanical redundancy of the release
mechanism. Subsequent investigation showed that an extra shear pin hole was accidental-
ly drilled 120° away from the original shear pin hole.

Lessons Learned:

+ Material impact strength is usually a more critical variable than inertia load capability, for
pyrotechnic devices, especially when the temperature drops. When the inertia load of a
deployable system is low, a ductile material should be selected as opposed to a brittle
material for the actuator housing and piston.

¢ For a pin puller lot acceptance test, at least one puller should be exposed to 125%
explosive power in a cold environment.

» [f the spacecraft requires a high level of cleanliness, then multiple pyrotechnic seals
must be used to prevent gas leakage. A hybrid sealing system consists of a Viton
O-ring and silicon O-ring in tandem.
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Abstract:

At launch, the near-infrared mapping spectrometer of the Galileo spacecraft had two covers
in place to protect the instrument from contamination. Two and a halif months after launch,
initial attempts to eject the covers were unsuccesstul. It was subsequently determined that
this was due to differential expansion caused by the shield heater being energized. The
shield heater was turned off, the covers allowed to cool, and then they were successfully
ejected.
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Anomalies:

Two and a half months after launch, initial attempts to eject the covers from the near-
infrared mapping spectrometer of the Galilec spacecraft were unsuccessful.

Lessons Learned:

* Untested flight sequences frequently result in unexpected events. All primary and
backup spacecraft flight configurations should be tested or analyzed before launch,
including the most probable failure mode configurations.

* Incomplete reviews of mission operations flight rules can cause problems. Subsystem
constraints that impose system constraints should be evaluated at system design
reviews for their system impacts and their possible elimination.

* The flight rules generation cycle should be initiated early in the mission operations
design, and emphasis should be placed on their review, including additions or revisions
thereto, by all essential personnel such as design and cognizant engineers.

* Reviews of critical spacecraft operations should be initiated early in the design cycle and
should include design specialists. For long duration missions, re-review before initiation
of critical operations is highly desirable.

Description:

At launch, the near-infrared mapping spectrometer of the Galileo spacecraft had two covers
in place to protect the instrument from contamination. Two and a half months after launch,
when contamination was deemed to be negligible, an attempt to eject the covers was
unsuccessful. The cooler cover failed to eject, as determined by not receiving expected
temperature changes. Analysis of the data revealed that the temperature of the cooler
shield was 38°C, due to the shield heater being energized. This resulted in a temperature
differential between the cover and the shield that caused a mechanical distortion sufficient
to prevent the cover from ejecting. All ejection tests before launch were conducted with the
shield heater unenergized, which was the original in-flight plan. Because of a concern for
contamination caused by spacecraft outgassing, a flight rule was modified prior to faunch
requiring the shield heater to be energized ejection. The flight rule was in error by not
requiring the shield heater to be off some time prior to cover ejection. The shield heater
was commanded off and 22 min later the cooler cover ejected properly, as shown by the
instrument temperature telemetry. Had the cooler cover not ejected, the near infrared
mapping spectrometer experiment would have been considered a failure.
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Abstract:

Pip pins are used in many engineering applications. Of particular interest to the aerospace
industry is their use in various mechanism designs. Many payloads that fly aboard our
nation's space shuttle have at least one actuated mechanism. Often these mechanisms
incorporate pip pins in their design in order to fasten interfacing parts of joints. Pip pins are
most often used when an astronaut will have direct interface with the mechanism. This
interfacing can be done during space shuttle mission extra vehicular activities. The main
reason for incorporating pip pins is convenience and their ability to provide quick release of
interfacing parts. However, there are some issues that must be taken into account when
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using them in a design. These issues include documented failures and quality control
problems when using substandard pip pins. A history of pip pins as they relate to the
aerospace industry as well as general reliable design features are discussed.

Anomalies:

Locking balls can vibrate out of their sockets.

Swaged tethers could create a tear hazard to an astronauts pressure suit.

Dowel pins for handle attachments could loosen from vibration or thermal effects.
Liquid lubricants or grease could freeze and cause seizure of the pins.

Lessons Learned:

* Install four balls rather than two to provide sufficient redundancy if one of the balls falls
out of its socket.

* Weld handles to the pin and avoid dowel pin loosening from vibration and thermal
effects.

* Provide double-acting pins that allow release capability when the handle is either
pushed or pulled because they faciitate operation.

* A Teflon sleeve should cover the tether swag fitting and cable termination, providing a
smooth surface and preventing the possibility of astronauts contacting frayed or broken
cable strands.

* Tether rings should be solid or have welded ends. Split rings can allow disconnect and
are also a tear hazard.

* Dry film lubricants should be used to lubricate all internal parts of the pip pin.

* Hitch pins are recommended where the pip pin only has to be removed and not
reinstalled.

* Further development of ball retention is required. The present method is by staking
which is subject to error. Inspections have shown that incomplete staking would allow
the balls to fall out. Also, the staked material is relatively thin and stress concentrations
can be created at the tip of the staked material. Vibrations can cause fracture and
subsequent failure by ball loss.

Description:

Figure 1 shows a schematic of a pip pin with the improvements noted under Lessons
Learned.
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Figure 1. T-Handle, Double-Acting Pip Pin
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Testing:

During 1994, NASA began environmental testing of the extra vehicular activity development
flight experiments payload. During vibration testing, several locking balls in the pip pins
vibrated out of their sockets. In addition, the lubricant inside of the pins froze and seized
the pins during cold-temperature vacuum testing. The design improvements discussed
under Lessons Learned and depicted on Figure 1 were prompted by the extra vehicular
activity development flight experiment test results.

64 Literature Review: Deployable Appendages




Key Words:

Paraffin Actuator, Pin Puller

Mechanisms:

Linear Actuator, Pin Puller

Systems:

Linear Motion Systems

Authors; Experts:

Scott Tibbitts
Address:

Maus Technologies

Boulder, Colorado

Telephone:

Title:

Mechanical Technology Inc.

High-Output Paraffin Actuators: Utilization in Aerospace Mechanisms

Source:

22nd Aerospace Mechanisms Symposium (1988).

Abstract:

This paper describes the development of a high-output paraffin linear actuator for use on
spacecraft. These types of actuators work on the principle that when paraffin melts, its
volume expands approximately 15%, and this expansion can be used to do useful work, for
example, push out a cylinder. Actuators of this type are being used in many commercial
applications and have been employed on spacecraft such as the Voyager. The goal of this
present development was to produce an actuator with characteristics that were specifically

designed for space.
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Anomalies:

It is not clear if the actuator rod slides through the stationary actuator plug. If it does, then
the composition and finish of the actuator plug and the hardness and surface finish of the
rod will be very important in determining life.

Lessons Learned:

» The high-output paraffin actuator provides an alternative device to the mechanism
designer requiring significant mechanical work from a small, compact, reliable compo-
nent. The work can be generated from heat provided by internal electrical resistance
elements or from environmental temperature changes.

+ In the internally heated configuration, the advantages over conventional electrically
powered actuators can be significant: low weight, resetability, full verification before
flight, high force, long stroke, gentie stroke, and flexibility in materials .of construction.

Description:

The high-output paraffin aerospace actuator design requirements are:
» All external components qualifiable to outgassing requirements
« Qualifiable to vibration and acoustic requirements

* Internally heated to provide faster response times, efficient heating, and allowing
flexibility in case material selection (thermal conductivity) not a requirement

¢ Operating range: -70 to +65°C
¢ Redundant, space qualifiable heating element

* Flexible design allowing custom fabrication for specific requirements:

— Fabrication from a wide variety of materials including titanium or stainless steel
— Fabrication from nongamma emitting or nonmagnetic materials
- Fabricated with a wide range of custom paraffin formulations.

The result of the development program was the internally heated high-output paraffin
actuator. Characteristics of the actuator are:

+ Useful stroke: maximum nominal stroke is 10 cm
» QOutput force: maximum nominal output force is 4000 N (900 Ib)

« Actuation temperature (temperature at which motion begins): can be varied from
-20 to +120°C by selection of paraffin type

» Actuation temperature range (temperature rise necessary for full extension after
start of motion): can be varied from 5 to 60°C by selection of paraffin

* Response time (power on to full stroke): 15 sec to 20 min; dependent on power
input, amount of thermal! isolation, and initial actuator temperature

+ Stroke time (extension begins to full stroke): 5 sec to 4 min; dependent on power
input
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« Efficiency (mechanical power out/electrical power in): approximately 5% once the
actuation temperature has been reached

« Actuator size: proportional to stroke times force
» Actuator weight: proportional to stroke times force
« Cycle life: >10,000 cycles at rated stroke distance and force.
A sketch of a typical internally heated high-output actuator is shown in Figure 1.

The actuator is sealed by a redundant O-ring type seal. The squeeze boot is fabricated
with an integral O-ring which seals between the actuator body and the actuator plug. This
is backed up with a standard Viton O-ring/backup ring seal. This arrangement provides
sealing for internal pressures in excess of 48,000 kPa (7,000 psi). Both the O-ring and the
urethane boot meet or exceed outgassing requirements according to ASTM E-595-77
(<1% total weight loss, <0.1% recondensable weight loss at 125°C, 10°® torr).

The actuator body is typically fabricated from either 303 stainless steel or titanium.
However, it can be fabricated from any material that will provide the necessary strength to
withstand the internal hydrostatic pressure. It is preferable to fabricate the case from
relatively low thermal conductivity materials such as stainless steel or titanium to reduce
heat loss. These materials also have low electrical conductivity, which minimizes Thomp-
son effect currents in the case of magnetically sensitive applications.

The actuator is filled with a mixture of copper particles and purified paraffin. The copper is
an optional component that increases heat transfer rates in the wax, providing even melting
in the actuator. The paraffin is a single or multicomponent formulation depending on the
application.

The key component in the actuator is the elastomer squeeze boot/seal. A castable two-
part polyurethane was chosen as the elastomer for the following reasons:

« Thermoset polyurethanes provide superior outgassing performance (correct
stoichiometry produces a single molecule component)

» Superior toughness/flexibility
« Tooling is easily modified for different actuator configurations.
Alternatively, compression-molded Viton B is used for higher service temperatures.

The first aerospace mechanism to utilize high-output paraffin actuators will be a gimbal
caging device being designed by Aeroflex Labs for a satellite that was launched in 1988.
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Figure 1. Cross Section of Internally Heated High-Output Paraffin Actuator
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This report discusses general lubrication practices.
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Anomalies:

« Seizures of relative motion surfaces caused by excessive friction.
* Vibration-induced fretting and adhesion due to excessive clearance in caging devices.

* Unlubricated surfaces exceeding bearing yield strength of substrate on hard-coated
materials.

¢ Seizures caused by dissimilar materials with high mutual solid solubility.

Lessons Learned:
« Maximum utilization of rolling surfaces as opposed to sliding motion should be employed.

« lubrication or separation of all moving surfaces either by suitable aerospace grease or
dry lubricant coating should be used. No exceptions are allowed, even for lightly loaded
friction-compatible surfaces.

¢ On hard mating surfaces where hard coatings are used (such as Type Il anodizing on
aluminum), loads must be kept below the bearing yield strength of the substrate material
(e.g., 60 ksi for 6061-T6 aluminum).

* Smooth and polished surfaces are preferred.

» Dissimilar material mating surfaces should have low mutual solid solubility, or at least
one of the two should have a heavy dissimilar coating (e.g., nitride, carbide, or oxide).

¢ (Caging devices should be designed to positively preclude relative motion between
clamped surfaces when subjected to shipment or launch vibration.

» Wet lubrication is generally preferred because friction is low and predictable. The
grease with the most heritage is the Bray 600 series, which is synthetic fiuorinated and
oil thickened with micron-size Teflon powder. The grease has extremely low outgassing
(TML <0.1% and CVCM <0.05% for the standard 125°C 24-hr test) and concerns
relative to contamination are negligible for virtually all spacecraft applications. The wet
lube usable temperature range is -80 to 200°C.

» For extreme low temperatures and cryogenic applications, solid lubricants are preferred.
Epoxy and polyamide-bonded films can be successfully employed with proper applica-
tion and burnishing to remove excess material.
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Abstract:

Future United States Air Force and Strategic Defense Initiative Organization (SDIO) space
system deployment requirements present substantial tribological challenges. Whereas most
deployments on existing systems have been relatively simple (i.e., 1-D, sequential), many of
the contemplated designs involve multiaxis synchronous deployment, large solar arrays or
antennas and instrument platforms, and complex directly deployable antennas. Many
deployable solar arrays, antennas, and instruments will also be required to quickly retract and
stow for maneuverability and survivability. Finally, several deployable systems must reliably
deploy, function, and retract on demand after long periods of inactivity. This report discusses
various problems with deployable systems as related to tribological considerations. Also
presented is a discussion of future technologies needed to meet performance requirements.
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Anomalies:

» Table 1 summarizes the technology shortfalls currently affecting Air Force and SDIO
mission requirements for deployable components, together with suggested tribomaterials
(or design) solutions to overcome these shortfalls.

* Based upon a detailed study of the performance records of aimost 400 satellites
between 1958 and 1983, it was established that about 10% of the successfully launched
satellites had some type of deployment anomaly, the majority of which were mechanical.

* Examining three of the reported anomalies will be instructive. The first of these
occurred on Apollo 15, on which the spectrometer boom failed to retract completely 5 of
the 12 times that it was commanded to do so. The second anomaly was the failure of
the latch mechanism on the INTELSAT V maritime communication system antenna.
The third anomaly was the failure of the solar array to deploy on the Earth radiation
budget satellite (ERBS). When these failures were analyzed, all were attributed to
thermal problem or thermal gradient problems that reduced clearances or caused
lubricants to fail.

A similarly instructive anomaly occurred in the 1970s during the development of the
European solar science satellite HELIOS. This satellite used a despin drive assembly to
point a parabolic antenna continuously toward the sun during its entire high elliptical
orbit. The despin drive assembly was designed for operation between -50 and +60°C,
with a maximum drag torque of 5 oz-in. A qualification model appeared to satisfy the

Table 1. Tribomaterials for Deployment Mechanisms

Mechanisms

Mission
Requirement

Technology
Shortfall

Tribomaterials/
Mechanisms Solution

Solar Array Drive

Reversible fast, stow, and
deploy (10-sec retraction)

360° continuous rotation
(0.3 to 15°/sec)

10- to15-yr life, high torque
with very small ripple

Reduced torque and
torque noise

Lightweight (reduced size)
bearings/gears
Long-life lubrication

(thermal gradients, decon-
tamination)

Solid lubricant (wear-
resistant) films

Traction drives with
controtled friction solid-
lubricant coatings

Antennas and
Sensor Platforms

Synchronous and
sequential deployment

Painting accuracy while
retracting

Consistent friction over 10-
to 15-yr life

Lubricant life and surviv-
ability (thermal gradients,
decontamination, laser
irradiation)

Low friction, friction noise,
and jitter

Reliability under quick
transition from stowed to
deployed

Synthetic hydrocarbons
(low vapor pressure and
additives)

Solid-{ubricant films (Jow
friction and wear)

New polymeric retainers
for ball bearings

Release Launch load protection Shape memory alloy Solid-lubricated mechani-
Mechanisms Operational performance fatigue/reliability cal release mechanisms
95TR4/V2
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torque requirement, but during acceptance testing of the flight mode!, a torque of 20 oz-
in. was observed at -50°C. After three months of testing, this problem was solved
through extensive redesign of the bearing mounts, shaft, end plate, and rings.. While
the end result was a successful despin drive assembly that flew for more than a decade,
the reason for the original bearing torque anomaly was never established.

o A very recent problem observed with the Hubble space telescope further underscores
the importance of tribological mechanisms for deployable subsystems. The booms used
to deploy the solar arrays (illustrated in Figure 1) have been observed to bend in
response to an 82°F variation in temperature that occurs within a period of 57 sec. This
rate of boom motion is much more rapid than predicted by the dynamic models used to
design the system. The result is a jitter that prevents the telescope from providing the
precision pointing that was necessary to its mission. It has not yet been established
whether this jitter is caused by the spring-loaded drum that deploys the solar panels or
by the spreader bars that support the panels between the boom sections.

Lessons Learned:

« |t was demonstrated on a test of a spacecraft oscillating scanner that a polyalpholefin
(PAO) oil provided excellent lubrication, consistent torque with negligible torque noise,
and good wear to 22,000 hr with the test still running. The other oils, chloroarylalky!-
siloxane (CAS) and perfluoropolyalkylether (PFPE), both exhibited reduction in torque
(loss of preload) and increase in torque noise, as well as extensive wear, after a few
thousand hours.

« The best options for solid-lubricant films for space applications appear at present to be
ion-plated lead and ion-sputter deposition of, and/or ion-assisted deposited, moly-
bdenum disulfide (MoS,). These lamellar films have demonstrated very low friction
operation in sliding and/or high low-load rolling bearings and latch and release mecha-
nisms. They are under development for a variety of ball bearing applications. For
example, in a recent study of solid lubricants for satellite gears, lead films were found to
provide good lubrication after a breaking-in period that produced a 100 Angstrom elastic
film. Best results were obtained for a film thickness of 1 micron. Solid fiims of MoS,
and TiN in the same application resulted in unacceptably short gear lives, demonstrating
that tribomaterials must be tailored to the system design. MoS; has, in fact, been
shown to be an excellent lubricant for many space applications, although its reaction
with atomic oxygen requires further study. Recent sputtered-deposited films have
shown a 10 to 100% increase in film life over previous MoS,-coated bearings.

« Both titanium and titanium nitride have been demonstrated to be effective wear coatings
under appropriate conditions. Titanium carbide has been applied to gyroscope ball
bearings, and has increased operational lifetime by an order of magnitude in this
application when used with an uncoated steel raceway and superrefined mineral oil.
Titanium nitride has to date been used only on tool steels, but the Aerospace Corpora-
tion is currently testing both gimbal and spin bearings with titanium-carbide and titanium-
nitride-coated balls.
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* The development of new polymeric bearing retainer materials is a critical need to
achieve required bearing lifetime. The phenolic materials that are commonly used have
been demonstrated to absorb oil in a time-dependent and nonreproducible manner.
These retainer materials are unacceptable for the missions under consideration unless
an active lubricant supply system is used.

Description:

Hinge: Solar Array. The hinge on the Hubble solar array primary deployment mechanism
was designed to a particular exacting specification (Figure 1). The deploy and stow rates
were less than 1°/sec, with full deploy or stow in less than 20 min, and with a 5-yr capa- -
bility of inactive deployment in space followed by correct response to restow commands.
The final deployment mechanism used titanium-carbide-coated tungsten carbide balis with
lead-bronze cages in place of the usual phenolic cages. The most difficult problem that
had to be designed around was the thermal mismatch between the steel bearing race and
the aluminum assemblies into which they were placed. The aluminum alloy gears within
the primary deployment mechanism were coated by the E-metal electrolytic process, and
required no additional lubrication.

Hinge: Antenna. The limited-angle hinge mechanism used for two antennas and an
aperture door of the Hubble space telescope has several interesting features. This
mechanism was designed to survive five shuttle launches, four returns to Earth, and eight
in-orbit docking operations with appendages stowed and locked to close the aperture door
within 1 min. It is a rotary drive mechanism using a dc stepper motor with a 200:1
harmonic drive speed reducer. Actuation is achieved through a torsion rod and two torsion
tubes. Damping during the movement of the mechanism and at its stops is provided by a
polymeric composite lubricant, Delrin AF. '
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Figure 1. Hubble Solar Array Deployment and Drive Mechanism
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Surface and Coatings Technology, 54/55 pp. 435-441 (1992).

Abstract:

Solid-lubricant films are used in a variety of mechanisms on various spacecraft and launch
vehicles. Relative to liquid lubricants, sofid lubricants generally have lower vapor pres-
sures, better boundary lubrication properties and relative insensitivity to radiation effects,
and operate in wider temperature ranges. This paper reviews the use of solid (dry)
lubricants, particularly solid-lubricant thin films, in such space systems. Future opportuni-
ties for insertion of solid lubricants as replacements for liquids or greases are identified.
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Anomalies:

Excessive torque in deployment mechanisms.

Lessons Learned:
* Lead coating has had good success as a solid lubricant, in vacuum applications.

* Optimum performance of lead and other metals is achieved at approximately 1 micron
thickness.

* Deposition of soft metals (Pb, Au, Ag, In) by ion plating provides excellent adhesion.
These films have been particularly effective in spacecraft bearings found in solar array
drive mechanism in European sateliites and on the Hubble space telescope.

* A particular disadvantage of lead is that it oxidizes rapidly and must be stored in
vacuum-dry environments.

* Gold and silver are used in situations requiring electrical conductivity.

* Sputter-deposited molybdenum disulfide (MoS,) has a lower coefficient of friction than
ion-plated Pb (0.01 versus 0.1), which means that MoS,-coated components should
develop less torque. Figure 1 displays torque characteristics for different application
techniques of MoS,. Spacecraft usage of MoS, is indicated on Table 1.

Burnished Bonded
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Figure 1. Different Types of MoS, Plus Friction Graph
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Table 1. Uses of MoS, in Active Spacecraft

Device Function Comments Film Type
Inertial properties measure- Provides attitude control Requires constant, low fric- | Bonded
ment device tion, multiple passes
Launch clamp for primary Relieves launch foad from Single-point failure for pri- Bonded
sensor bearings mary mission
Slip rings for microwave sensor | Transmits power signal Excessive noise degrades Composite

across rotating contact sensor performance
Solar array drive mechanism Supports solar array drive Provides sun tracking for Bonded
bearings despin mechanical assembly | power
Slip rings for solar array drive Power and signal transfer Noise sensitive for star Composite
mechanisms tracker
Slip rings for solar array drive | Signal transfer Noise sensitivity Composite
mechanisms
Main weather sensor bearings | Scan for weather map Torque bump sensitivity Sputtered
Aft support bearings for orbiter | Provides pivot for launch Multiple environments, Bonded
interface from orbiter re-use
Gimbal bearings, antibacklash | Provides pivot and control Sensitive pointing Sputtered,
springs, jackscrews for antennas bonded
Solar array drive mechanism Supports solar array drive Low-temperature operation Sputtered,
bearings despin mechanical assembly bonded
Gimbal springs, jackscrews, Controls motion, cradie Sensitive pointing Sputtered,
ball and sockets, gears release bonded
Bushings, springs, gears, Suspension, separation Single-point failures and Bonded,
clamps, etc. wear points burnished
Alignment-release pins Supports high-gain antenna |} High friction prevents de- Bonded
when folded pioyment, mission failure
95TR4N2

Description:

Release or deployment mechanisms require a lubricant to provide low friction (torque) for a

low number of cycles. (Even though a release mechanism generally operates only once in
flight, the mechanisms and its lubricant have to undergo multiple cycling, e.g., 10 to 100

operations, during preflight ground tests.) The lubricant cannot be a source of vapor phase

contamination once the spacecraft is in orbit because release mechanisms are usually
exposed. Lack of thermal control may require the lubricant to function in a wide temperature

range. On externally exposed mechanisms, the lubricant must withstand exposure to radia-
tion, electrons, protons, and O-atoms; the nature and quantity of this flux is dependent upon

the orbit. All of these requirements favor the use of sofid lubricants, and indeed, release and
deployment mechanisms are the largest application for solid jubricants in space systems.
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Abstract:

Molybdenum disulfide (MoS,) solid-lubricant films were prepared by radio frequency (RF)
magnetron sputtering on 440C steel, 52100 steel, and silicon substrates. This study
concentrated on films that were multilayer coatings of MoS, with either nickel or Au-20% Pd
metal interlayers. Multilayer thicknesses ranged from 0.2 to 1.0 Nm while the muitilayer
periodic spacing ranged from 3 to 10 Nm. Scanning electron microscopy and x-ray
diffraction revealed that the multilayer films had dense microstructures that, in some cases,
exhibited significant orientation of their basal planes paralle! to the substrate. Film
endurance was assessed in sliding contact using thrust washer tests and in rolling contact
using thrust bearing tests. Some film microstructures exhibited excellent endurance. Brale
indentation indicated that the metal layers can improve film fracture toughness. Friction in
air and ultra-high vacuum (UHV) was investigated using a UHV-compatible test apparatus.
Friction coefficients between 0.05 and 0.08 were measured in UHV.

Lessons Learned:

Multilayered films exhibited excellent endurance in sliding wear and thrust bearing tests.
Friction coefficients in UHV ranged between 0.05 and 0.08.

With metal multilayer films, the optimum structural spacing is on the order of 10 Nm.
MoS, should have basal plane orientation between the metal layers.

Minimum metal layer thickness is best.

A thin surface overlay of pure MoS, seems to facilitate transfer to an uncoated surface.

Description:

Sputter-deposited MoS, films often have a porous columnar-plate morphology because of
the anisotropic crystal structure of the MoS, which causes different reactivities on different
facets of the solid. The edge plane surfaces grow faster than the basal surface and these
evolve into columnar plates which shadow and inhibit the growth of the basal islands.

Wear of these films is often more rapid than it should be. This results in loose wear debris,
which causes fluctuations in friction as well as shorter film life.

Chemical modification or passivation of the substrate can suppress the initial edge island
formation, but it reappears within 10 to 30 Nm of the substrate. By depositing multilayer
coatings of MoS, separated by sputtered layers of metal, a laminar composite film could be
formed without the formation of edge islands or columnar growth. This paper describes an
investigation of Ni/MoS, and Au-20% Pd/MoS, multilayer films to see if these would
produce better coatings.

Most of the films were applied by RF magnetron sputtering the films on hardened and
polished 440C blocks, on 440C or 52100 thrust bearing raceways (INA W1-1/2), and on
both silicon (100) wafers and Kapton films. A carousel inside the sputtering chamber was
used to rotate the specimens. The deposition pressure was 0.266 Pa of argon, and the
sample temperature did not exceed 100°C. The total thickness of the films was about

1 micron.
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The authors divided the samples into three groups: 1, I, and Ill. Group | used 52100 steel
bearing raceways, and Groups |l and Il were 440C blocks and Kapton fiims. Groups Ii and il
also had a 50-Nm overcoat of pure MoS, to aid the initial film transfer to the uncoated counter-
face. All coatings were confirmed by XRD and other techniques. (Note: in designating film
composition and structure, the authors used a code where the first number was the metal
thickness and the second number was the periodic spacing of the metal interlayers, e.g., 0.3
Nm-Ni/4.8 Nm; 0.3 Nm is the thickness, and 4.8 Nm is the multilayer periodicity and the metal
is nickel.) Figure 1 is a schematic diagram of the way the multilayers were structured.

For comparison, two types of straight MoS, films (no metal layers) were used as characteriza-
tion references. Both were RF sputtered. One film, designated as RF-AT, was sputtered at
an argon pressure of 2.66 Pa and an ambient temperature of 70°C. It had a columnar plate
structure. The other film, designated as a pure MoS, RFM fiim, was sputtered at an argon
pressure of 0.226 Pa, and an ambient temperature of less than 100°C. It had a dense mor-
phology with equiaxed features, similar to the other test films applied at this argon pressure.
As shown in Figure 2, the pure RFM film had better endurance than the average RT-AT films.
The multilayered films with nickel showed considerable scatter. It was hypothesized that the
bare steel counterface was not developing an adequate transfer film, so a 50-Nm overlayer of
pure MoS, was applied to all Group il films to facilitate film transfer. However, since the
Group |l samples were used in rolling thrust bearing tests, no certain conclusions could be
drawn.

Figure 3a presents the endurance data from the 52100 thrust bearing tests. Pure RFM
films deposited on the 52100 steel without a nickel interlay failed very quickly, probably
because of poor adhesion. Only tests of the 0.3 Nm-Ni/5 Nm showed any promise. The
authors reported that only ball cage wear and uniform film removal were observed during
the rest of the tests. More promising results are shown in Figure 3b. The 0.7 Nm-Ni/10 Nm
films (with 50 Nm pure MoS, overlays) had endurance lives consistently better than the
RF-AT films. However, they did not appear to be as good as the RFM films. The

0.9 Nm-Au/10 Nm films in Group 11l were much more promising.

Brale indentations (150-kg load) caused delamination of the pure films with the dense
morphologies. Increasing the metal content inhibited delamination and better results were
obtained with a 5-Nm spacing than with 10-Nm spacing. :

Friction coefficients for the pure RFM film and the 0.9 Nm-Au/10 Nm film (Figure 3b) were
similar. At 1000 cycles, the friction was 0.05 to 0.08 in both air and vacuum. In general,
lower friction was obtained with MoS, in vacuum than in air, which is believed to be due to
moisture.

l ] Overayer

3 Metal Thickness
] Multilayer Periodicity

7 Intertayer
Substrate

L] MoS, I Nior Au-Pd(20%)
95TRAN2

Figure 1. Multilayer Lubricant Film Architecture
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Thin-section, four-point-contact ball bearings are increasingly employed in spacecraft
mechanisms because of the potential advantages they offer. However, little was previously
known of their torque, thermal conductance, and stiffness properties at conditions antici-
pated for their use in space. The paper describes an investigation of these properties.
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Lessons Learned:

* Internal preload, housing design, and external axial clamping force on the bearing rings
alt have a strong influence upon torque, conductance and stiffness.

* The thermal conductance of a dry or marginally lubricated bearing depends upon the
thermal strain and varies linearly with radial temperature difference between the rings.
Additionally, conductance is a function of type and quantity of lubricant.

» The Coulomb torque exhibits an almost square-law relation with thermal strain.

Description:

Thin-section, four-point-contact, rolling element bearings have been shown to offer a near-ideal
solution for some of the novel demands of spacecraft mechanisms. This type of bearing can
take radial loads and thrust loads in both directions so that they are effectively equivalent to
two conventional bearings. Since one bearing does the work of two, the prime advantages of
low weight, small cross section, and high stiffness can be used to simplify designs. A series
of tests were carried out to investigate the mechanical and thermal properties of representative
four-point-contact bearings. Details of the bearings are given in Table 1.

Stiffness measurements were made in a specially designed rig. In the rig, the bearing was
located against a machined shoulder on both the inner and outer housings and each race
was held in place axially by a clamp ring. The axial clamping force on the bearing could be
varied by the torque imparted to the 24 x M3 clamping bolts on each clamp ring. For a
clamp ring bolt torque of 0.8 Nm, the angular compliance of the bearings are given in
Table 2. The axial compliance of the bearings. for a clamping bolt torque of 0.8 Nm are
given in Table 3. The marked influence of axial clamping force on the axial compliance of
Bearing A is summarized in Table 4.

Table 1. Four-Point Contact Bearing Details

Kaydon Bearing No. KAQ70XP2

External diameter 190.5 mm

Internal diameter 177.8 mm

Width 6.35 mm

Bearing internal fit (nominal) 0 to 12.7-micron clearance (Bearing A)

Bearing internal fit (nominal) 0 to 12.7-micron preload (Bearing K)

Bearing internal fit (nominal) 12.7- to 25.4-pym preload (Bearing M)

Number of balls 87

Cage Snap over crown in brass; nylon or spring
separators

Contact angle 30°

Bearing steel AlS1 52100

Precision Class 6 (equivalent to ABEC 7 in run-out
tolerances)

95TR4NV2
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Table 2. Bearing Angular Compliance

Angular Compliance (rad/Nm)
Bearing
Experimental Manufacturers Estimate
A 1.62 x 10°
K 1.27 x 10° 2 x 10°®
M 0.85 x 10°
95TRAN2
Table 3. Bearing Axial Compliance
Axial Compliance (m/N)
Bearing
Experimental Manufacturers Estimate
A 7.25 x 10°
K 5.81 x 10° 8 x 107
M 4.04 x 10°

95TR4/V2

Table 4. Influence of Axial Clamping Force on the Axial Compliance of Bearing A

Clamp Ring Bolt Torque (Nm)

Axial Compliance (m/N)

0.2
0.8
1.86

3.0 x 10°®
7.25 x 10°
1.56 x 10°

95TR4NV2
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The torque and thermal conductance measurements were carried out in a vacuum
chamber. The bearing was mounted between the inner housing and heat flux meter. As
before, the inner and outer races were clamped axially by two clamp rings. Four radial
groups of copper/constantan thermocouples were located at 90° intervals around the heat
flux meter. Two measured the inner and outer race temperatures and the other two mea-
sured the temperature difference across the heat flux meter. Radiant heat loss from the
bearing and heat flux meter was prevented by multiple superinsulation shields. The
bearing was rotated using an externally controlled motor via a ferrofluidic feedthrough.
Bearing torque was sensed by a strain-gage transducer.

Three space-approved lubricants were used in the torque and conductance tests: two oils
and one grease, which are described in Table 5.

In general, conductance values were measured with the bearing stationary and the torque
was measured at a rotational speed of 1 rpm, which was slow enough to make any speed-
dependent torque effects negligible. Pressure in the vacuum chamber was maintained at
10° torr to ensure no convective heat transfer between bearing and environment.

The effects of thermal gradient, internal preload, and axial clamping force on the conduc-
tance and torque were investigated as well as the different lubricants.

Table 5. Lubricants Used in Torque and Conductance Tests

. . o Thermal
Lubricant Manufacturer Description Vlscos(liys;:t 20°C Conductivity
(W/m°C)
Fomblin Z25 Montedison Fluorinated oil 240 0.0840
BP110 British Petroleum | Mineral oil refined to give 350 0.0153
low vapor pressure
Braycote 3L-38RP | Brayco Oil Based on Z25 with - ~0.0840
grease Company polymer-thickening agent ' .
PTFE
95TR4NV2
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Abstract:

The development of space tribology and its application in the design of spacecraft moving
mechanical assemblies in Europe has followed a different course from that in the United
States. This is probably because of the distinct preponderance of three-axis stabilized
space vehicles (used for communications and for Earth observation over Europe) together
with the preference for solid lubricants in such devices as solar array drives and some
types of scanner and despin mechanisms.

The paper reviews the current status and discernible future trends in European space
tribology. Examples of current moving mechanical assembly types are given where
evolved lubricants and lubrication techniques have been applied. ’
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Lessons Learned:
* The relative merits of solid and liquid space lubricants are indicated in Table 1.

* Avoid the use of wet lubricants where optical devices or sliding electrical contacts are
employed.

* Perfluoropolyalkylether (PFPE) fluids have produced high torque noise and excessive
ball bearing wear. Table 2 summarizes the factors which have been found to promote
or inhibit PFPE degradation.

The precise mechanism of degradation is still not established. In Europe, the evidence
points to chemical reaction between nascent wear particles and the exposed oxygen in
the Z-type molecule. The product is described as a metal polymer (or *brown sugar")
which is autophobic and thus repels the oil from the ball/raceway contact region.

* lon-plated lead films are extensively used in Europe. In solar array drives alone, more
than two million operational hours in orbit have been accumulated.

An important property of the lead film is its high load-carrying ability. Under Hertzian
contact, the as-deposited film flows plastically until a thin film (of thickness 10 Nm or
less) remains and then elastically deforms with the substrate. In this condition, the film
can survive contact loads approaching the static load capacity of a rolling element
bearing.

* Thin films of gold have also been investigated as a bearing lubricant, but the higher
yield strength and ductile adhesional property result in work-hardened debris and, thus,
high torque noise. Silver and indium have been investigated too, but actual usage in
space is not reported.

* Sputtered application of molybdenum disulfide (MoS,) is the preferred and perhaps
necessary method. Sputtered films of MoS, are currently applied to numerous space
components such as screw threads, ball bearings, sleeves, and bushes.

An investigation at European Space Tribology Laboratory (ESTL) of MoS, films deposit-
ed by so-called magnetron RF sputtering in which the rate of evaporation of the MoS,
target is greatly increased by magnetic field intensification of the plasma, led to signifi-
cant gains in triboproperties under vacuum. Not only is the friction coefficient remark-
ably low under pure sliding motion (values of 0.005 to 0.04 are typical) but the wear
resistance of the film is greatly improved. Figure 1 shows a comparison of the friction/
time behavior for the three types of film under identical pin/disk experimental conditions.
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Table 1. Relative Merits of Solid and Liquid Space Lubricants

Dry Lubricants

Wet Lubricants

Negligible vapor pressure

Finite vapor pressure

Wide operating temperature

Viscosity, creep, and vapor pressure all temperature
dependent

Negligible surface migration (debris can float free)

Seals required

Valid accelerated testing

invalid accelerated testing

Short life in laboratory air

Insensitive to air or vacuum

Debris causes frictional noise

L.ow frictional noise

Friction speed independent

Friction speed dependent

Life determined by lubricant wear

Life determined by lubricant degradation

Poor thermal characteristics

High thermal conductance

Electrically conductive

Electrically insulating

95TR4NV2
Table 1. Relative Merits of Solid and Liquid Space Lubricants
Promote Degradation Retard Degradation
Starved conditions Fully flooded conditions
Low specific film thickness High specific film thickness
Linear structure (Z) Branched structure (Y)
Aluminum/titanium substrates Hydrocarbon contamination
52100 bearing steel 440C steel and ceramic coatings
Temperature 200°C Low ambient temperatures
Sliding Surfaces (seals, etc.) Rolling surfaces
Vacuum environment Atmospheric conditions
95TR4N2
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Figure 1. Friction Coefficients of MoS, Deposited by Various Techniques

* lon-beam application of MoS, also appears to be promising although it has not been
used in space mechanisms. A feature of this method is an increase in the density of
the film and it is possible that this compaction may help in extending film lifetime.

» MoS, works well with ceramics such as titanium carbide and hot-pressed silicon nitride.

« Polymer use in European space applications is identified in Table 3. An extensive study
in the United Kingdom over 10 years ago restricted to air usage, showed that a
PTFE/glass fiber/MoS, combination was preeminent in terms of friction torque and
endurance, provided that the maximum Hertzian contact stress was kept below 1200
MPa at room temperature.

» Cosputtering of MoS, and PTFE onto plain steel gave a ten-fold increase in wear life
over pure MoS, alone, whereas the same codeposition onto sulphur-enriched interlayers
or substrates of Ni, Co, and particularly Rh yielded vast improvements of up to 10,000-
fold. The sulphur enrichment was effected by glow discharge treatment in an H,S/argon
atmosphere prior to sputtering. The corrosion properties in moist air were also improved
by this chemical activation method. Figure 2 shows a significant gain by combining a
PTFE-composite cage (Duroid) with MoS,. The combination performs much better than
with either lubricant alone.
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Table 3. Polymers Used in European Space Applications

Trade Name

Description

Uses

Duroid 6813

PTFE/GF/MoS,

Cages and gears

Delrin/Hostaform

Polyacetal

Cages, brushes, and brakes

Tufnol Reinforced phenolic Cages and gears

Vespe! SP3 MoS /polyamide Cages and gears

Glacier DU PTFE/PB bronze on stee!l backing | Bushings

Fibreslip Woven GF/PTFE plus resin Spherical joints

Rulon PTFE/GF Cages

Glacier DP-1 PTFE/bronze Rotating nuts and bushes

MEAN BEARING TORQUE {gmem)

&0
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Figure 2. Mean Torque of Ball Bearings Operating Dry In Vacuum
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Description:

Reaction Wheel. A current design of reaction wheel for the Olympus communications
spacecraft, made by British Aerospace (BAe), is shown in Figure 3. Rotational speed can
be anywhere in the range of +3500 rpm depending upon the torque demand for attitude
control. The target lifetime of the wheel in space was 7 yr and the bearing torque had to
be low and speed insensitive with minimal torque noise.

In connection with this momentum wheel, experimental work on oil quantity and its effect
on torque and torque noise pointed to the need for an optimum amount of oil—more oil
would raise viscous torque too much at high speeds, and less oil would produce cage
instability and vibration peaks. In order to retain the initial inventory of oil, molecular
sealing and creep barriers were installed and a heatable porous nylon reservoir was placed
between the bearings with the aim of maintaining oil quantity at the optimum throughout the
life.

Using these modifications, a real-time life test was performed by BAe with regular cycling of
the wheel speed between the limits of +3500 and -3500 rpm. The performance of the
wheel over a 7-yr period (currently extended to 10 yr) has been excellent and it was found
unnecessary to use the heater to replenish the oil.

Antenna Pointing Mechanism. The Olympus spacecraft uses the pointing principle
involving the relative rotation of two wedges (or swash plates), whose combined angle is
the cone half-angle of the pointing vector (Figure 4). Support of the rotating wedges is
provided by the thin-section gothic arch (four-point contact) bearings as shown in Figure 4.

The lubricant chosen for this pointing mechanism was the PFPE grease Braycote 601, which,
as mentioned above, has been widely used in United States space vehicles. The internal
components of the antenna pointing mechanism are vented to space; it has been found that
the very low vapor pressure of this grease presented no problem of effusion loss.

Despin Mechanism. The high-gain antenna despin drive mechanism used in GIOTTO
spacecraft, designed and built by SEP, France, was an interesting application of solid
lubrication to meet the severe environmental conditions that are too severe for a fiuid
lubricant. The main constraint was the wide temperature range for operation (-40 to 60°C),
which would have meant a large change in torque for any fiuid lubricant. The choice of
ion-plated lead was a result of some preliminary experimental work at ESTL, which showed
the lead torque spectrum to be more favorable than that from a PTFE-composite caged
bearing. A prelaunch accelerated life test on ion-plated bearings monitored the torque
noise over a total of 10° revolutions (compared with the Halley mission life of 5 million
revolutions). Performance of the despin mechanism during the Halley mission was com-
pletely successful.

Solar Array Drives. One of the desirable features of solar array drives is that sun
orientation of solar arrays on three-axis spacecraft requires a rotating joint between the
array and the platform. Electrical energy and signals from and to the array must also be
fed across this joint.

A current European design of solar array drive mechanism is shown in Figure 5 for
application to Olympus satellite. In this design a pair of back-to-back flexibly preloaded ball
bearings is used to support the shaft carrying the solar array. As in the reaction wheel
described above, a dual-compliance disk spring preloads the bearings and avoids the need
for a separate launch locking of the bearings. The bearing lubricant is ion-plated lead.
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Figure 4. Olympus Swash Plate Antenna Pointing Mechanism (BAe)
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Testing:

« A real-time life test was performed by BAe on the Olympus reaction wheel with regular
cycling of the whee! speed between the limits of +3500 and -3500 rpm. The perfor-
mance of the wheel over a 7-yr period (currently extended to 10 yr) has been excelient
and it was found unnecessary to use the heater to replenish the oil.

« A prelaunch accelerated test on ion-plated lead bearings for the despin drive monitored
torque noise over a total of 10° revolutions (compared with the Halley mission life of 5
million revolutions). Performance during the Halley mission was completely successful.

Experience:

lon-plated lead film has been featured in numerous spacecraft: OTS, ECS, MARECS,
EXOSAT, NIMBUS, Olympus, INMARSAT 2, GIOTTO, SPOT, Eureca, Skynet, and the
space telescope. In solar array drives alone, more than 2 million operational hours in orbit
have been accumulated to date using this film.
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The paper presents the key requirements, a design overview, development testing
(qualification levels), and two problems and their solutions resolved during the mechanism
development testing phase. The mechanism described has demonstrated its capability to
deploy/restow two large Hubble space telescope deployable appendages in a varying but
controlled manner.
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Anomalies:

* The initial predicted aperture door mechanism temperatures could be well below -125°F.
This proved to be a problem for the grease plating of Braycote 3L-38RP on the angular
contact bearings. The solidification temperature of this lubricant is approximately 120°F.
The resulting stiffness of the lubricant caused unacceptably high bearing torques even
though the mechanism would operate to as low as -160°F.

« . During subsystem testing of the high-gain antenna configuration, the tests were plagued
by a probiem that was finally diagnosed as lost motion, which resulted in variable
performance at the stow position.

Lessons Learned:

* Braycote 3L-38RP grease works well in angular contact bearings (in a vacuum) if the
temperature is kept above the grease solidification temperature. The range of motion of
the hinges is approximately 90°. For the aperture door mechanism, this motion takes
place over 1 min, and for the high-gain antenna hinge the time is 7 min.

¢ In a mechanism, it is important to eliminate all backlash to avoid lost motion.

Description:

As part of the NASA Hubble space telescope, three appendages are deployed/stowed by
an electromechanical hinge mechanism. One use is for the deployment/stowing of two
high-gain antennas used to transmit data to the ground station. The second use is to open
and close the large aperture door located at the end of the telescope aperture, which must
close to preclude the sun from shining on the telescope primary mirror.

The deployment mechanism, a limited-angle hinge device, was designed to meet the
following specific requirements:

The deploymént mechanism must be capable of surviving five shuttie launches,
four returns to Earth, and eight in-orbit docking operations with appendages
stowed and locked

The deployment mechanism must be redundant so that no single component fail-
ure will jeopardize recovery of the spacecraft or result in hazards to personnel

The deployable appendages must be capable of manual operation and jettison
by an extra vehicular activity crewmember to ensure deployment, restowage, and
safe return of the space telescope spacecraft to Earth

The aperture door deployment mechanism must be capable of closing within
1 min after a command from the sun sensor, precluding irreversible damage to
the telescope optics if the spacecraft points the aperture towards the sun

The deployment mechanism must operate in an Earth-orbiting pressure environ-
ment and at heater-controlled temperatures from -80 to +110°F

The hinge mechanism deployed stiffness must meet a first-mode natural fre-
quency of less than 1.0 Hz.
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The deployment mechanism consists of an active hinge (actuator-powered dc rotary drive)
and a passive hinge.

The large-diameter, angular-contact, output support bearings and the self-aligning spherical
bearings are identical in the active and passive hinge assemblies. The active hinge
assembly is driven by a permanent magnet dc stepper motor driving through a 200:1
harmonic drive speed reducer. The bidirectional rotary actuator drives a torsion rod via a
splined shaft which is keyed to the domed end cover. The torsion rod permits the actuator,
with its inherent powered detent torque, to move larger inertias than if direct coupled. This
is the point where the aperture door or high-gain antenna is attached. The spring-loaded
friction plugs made from Delrin AF rub constantly against the end cover to provide damping
during movement of the mechanism. Just prior to the fully deployed position, the adjust-
able intermediate stops located in the domed cover contact the intermediate torsion tube
and the torsion tube. These are both compliant members with different spring rates that
reduce the end-of-travel dynamic loads and contribute to the overall deployed mechanism
stiffness. The intermediate torsion tube also has Coulomb damping in the form of annular
Delrin AF friction segments. A manual wrenching point to rotate the active hinge is
provided at the end of the torsion rod opposite the rotary drive actuator. The total travel
angle for the high-gain antenna is 92.7°, and for the aperture door it is 105.3°.

Bray Oil Co. wet lubricants, Brayco Micronic 815Z oil, as well as their Braycote 3L-38RP
(Braycote 601) grease, are used to lubricate vital components in the mechanism. The angular
contact bearings are lubricated with a solvent-thinned solution of the Braycote 3L-38RP grease
(grease plating) then vacuum-baked leaving a thin, evenly distributed film of the lubricant. In
the passive hinge, the stub shaft is permitted to slide in the inner race of the spherical bearing.
A groove is cut in the shaft to provide a reservoir for the Bracote 3L-38RP grease.

Testing:
In-house testing was conducted in three phases.

Phase I: Mechanism Characterization. Key testing in this phase involved nonpowered
motion study of the principal mechanism elements at vacuum and cold temperatures. The
friction damping elements proved to be within 5 to 10% of the desired damping range.

The spacecraft's thermal control system was based on biasing temperatures toward the
colder regimes to reduce thermal gradients. Because of this, initial predicted aperature
door mechanism temperatures could be well below -125°F. This proved to be a problem
for the grease-plated angular contact bearings. The solidification temperature of the
3L-38RP grease is approximately -120°F. This resulted in unacceptably high bearing
torques even though the mechanism would operate to as fow as -160°F. Because the
Braycote lubricant has low outgassing characteristics and because of a desire to avoid a
lengthy lubrication development program, heaters were instalied to ensure that the
mechanism temperature would not go below -80°F. The high-gain antenna mechanism is
not fitted with heaters since the predicted cold operation is -53°F or above.

Thermal testing of the spherical bearing was needed since it was the redundant rotational
feature to the angular contact bearings and no cold test data were available from the
supplier. The cold test results were acceptable and the bearing torque contribution was
factored into the overall mechanism torque margin.
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Phase Ii: Hinge Mechanism Operation. This series of tests involved mechanism operation
over the full range of travel at hot and cold temperatures and with the test specimen
connected to inertia simulators representing both the high-gain antenna and aperture door.
The mechanism rotational axis was mounted vertically and the additional weight was
supported by a 0-g line pivoting in line with the mechanism rotationa! centerline.

This test phase permitted verification of the analytical model as well as providing a test bed
for a two-axis, static-proof test and a deploy-direction, dynamic-proof test. These tests at
ambient temperature were preceded and followed by functional operation and no anomalies
were identified.

The deployed and preloaded natural-mode frequency of the mechanism was verified during
this test phase to be 0.875 Hz, below the 1.0-Hz maximum.

The deployed or open position of the mechanism was also verified during this test phase
and was shown to be repeatable within 0.033°, well within the aperture door position
accuracy needed of £0.25°.

The final phase of this test series centered on a three-axis vibration test using the mecha-
nism configured for the high-gain antenna. No unacceptable motions were detected and
the mechanism suffered no damage.

Phase lll: Subsystem Testing. This test phase addressed, in particular, the high-gain
antenna configuration and its deployment and restow. The first portion of the test sequence
was plagued by a problem that was finally diagnosed as lost motion, which resulted in
variable performance -at the stow position. As the mechanism drives into the stow position, it
must be positioned correctly for the latches to capture and secure the high-gain antenna.
This involves tripping four telemetry switches that indicate to the ground station when the
latches may be closed (a separate operation). Although always within latch capture range,
the inconsistent performance needed correcting.

Play in the keyway tying the torsion rod to the domed aluminum cover was determined to
be the cause. Once corrected by a small shim in the keyway, consistent and reliable
results were demonstrated. A redesign, however, was initiated to effect a long-term
solution to compression yielding of the aluminum portion of the cover interface brought on
by numerous manual deployments and stowings. The solution selected was to provide a
conical or tapered fit-up of the stainless steel torsion rod to the aluminum domed housing.
The tight friction fit in conjunction with the keyway assured a no-lash joint. ”
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The Gamma Ray Observatory (GRO) had two solar array wings weighing approximately
500 Ib each and one high-gain antenna boom assembly weighing approximately 525 Ib.
The high-gain antenna did not deploy when it was initially commanded. An astronaut extra
vehicular activity from the shuttle was required to physically shake the antenna to initiate
the deployment sequence.
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Anomalies:

Prior to observatory release from the orbiter remote manipulator system, the high-gain
antenna did not deploy when it was initially commanded. An astronaut extra vehicular
activity was required to physically shake the antenna to initiate the deployment sequence.
Subsequent investigations corroborated with on-orbit photographs taken by the astronaut
crew indicated that a portion of the antenna release mechanism (close to the antenna dish)
was caught by a piece of thermal insulation blanket. This occurred because of large
relative motion between the antenna and its support structure which allowed an exposed
bolt to be caught by the neighboring thermal blankets. There were three areas identified
which are believed to have caused the problem:

1. Several bolts adjacent to the thermal blankets were installed with the longer nut end
of the bolts protruding in close proximity to the blankets. Although this was needed
to circumvent a design flaw with the antenna support mechanism, interference with
thermal blankets was not envisioned.

2. Structural vibration testing of the assembled high-gain antenna did not include
thermal blankets. For practical reasons, these tests also did not include a simula-
tion of the spacecraft relative stiffness between the high-gain antenna support
points. It was this low stiffness that allowed large relative motions between the dish
end of the antenna and the spacecraft. The only observatory level test with thermal
blankets installed was an acoustic test. Acoustic tests generally do not produce
large spacecraft loads or motion which would have been needed to uncover the
problem prior to launch.

3. The technician and quality assurance personnel who performed the final stowing
and inspection of the high-gain antenna, respectively, did not foresee the potential
problem of large relative displacements that would have caused the bolts to catch
the thermal blankets and prevent the antenna from deploying.

Lessons Learned:

* Deployment tests should be accomplished with final configuration including thermal
blankets. Spacecraft attachments should be simulated accurately.

¢ Interference that might be caused by thermal blankets should be evaluated.

Description:

The GRO was launched on April 4,1991, aboard the space shuttle Atlantis from the Kennedy
Space Center in Florida. The observatory had two solar array wings weighing approximately
500 Ib each, and one high-gain antenna boom assembly weighing approximately 525 Ib. The
array wings and their stowing latches were identical in construction and the -Y system

(wing 1) could be mechanically interchanged with the +Y system (wing 2). The two wings
were electrically unique in terms of their motor drive direction, microswitch designations, and
coarse sun sensor designations. The deployed GRO is shown in Figure 1.
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Figure 1. GRO Deployed Configuration
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The high-gain antenna boom and both solar array wings were planned to be deployed
while the GRO was being deployed from the orbiter and still attached to the orbiter remote
manipulator system. The design of each appendage incorporated redundant mechanisms
that allowed for astronaut backup assistance in case of mechanism jam or malfunction.

All unlatch and deployment operations were performed with stepper motors that were
electrically redundant. The deployment and unlatch actuators were attached to drive
linkage mechanisms, which offered varying degrees of torque amplification during opera-
tion. The actuators were built by Honeywell to TRW specifications and provide variable
stepping rates from 7.8 to 250 pulses/sec.

GRO High-Gain Antenna Appendage. The high-gain antenna boom supported the antenna
reflector dish and the biaxial drive for pointing the antenna. It also supported the magnetic
torquers for dumping momentum associated with the attitude control system. The boom was
retained in the stowed position by four latches, two near the magnetic torquer bars and two at
the antenna reflector. A single-motor-drive latch actuator operated all four latches. The
deployment actuator, at the base hinge of the boom that interfaces with the spacecraft keel
structure, deployed the boom to the proper position to achieve the required on-orbit field of
view.

GRO High-Gain Antenna Support/Release System. The support/release system con-
sisted of four latches housed inside support fittings whose upper ends attached directly to
the platform structure. The latches were opened by a single-motor drive actuator that was
supported at the outside edge of the platform to provide access for manual operation.

The latches engaged pins in the slide mechanism mounted to the boom. The slide mechan-
isms allowed axial motion of the boom relative to the supports due to deflections during launch
and changes in temperature of the boom. Each aft slide mechanism consisted of a T-shaped
bolt mounted to a fitting on the boom and the slider that supported the latch pin. The cylin-
drical head on the bolts slides in a hole in the slider. The forward sliders are similar except
each has two bolts. These bolts are mounted to the horseshoe shaped antenna frame.

The boom loads are reacted by the latches and support fittings. Each of the forward and
aft supports carry the loads through shimmed fittings which mate with the slides. Loads
along the boom are reacted at the keel hinge.

High-Gain Antenna Boom Structure. The main boom element consists of 6.0-in.
diameter by 0.125-in. wall aluminum tube, with the rotating hinge on the keel end and a
flanged fitting on the outboard end. ' :

High-Gain Antenna Hinge/Deployment Mechanism. The hinge mechanism consisted of
a stationary hinge half and a rotating hinge half joined with two 0.750-in. diameter hinge
pins. Toggle links are used to drive the rotating hinge half and preload it against adjust-
able stops on the stationary hinge half in the deployed position. The driving link is
powered by a motor-driven actuator attached to one side of the stationary hinge.

Normal deployment of the high-gain antenna boom was accomplished by the actuator
driving the toggle linkage until stop pads (an integral part of the linkage) engage, prevent-
ing further rotation. This stop provides +0.06/-0.02 in. overcenter travel of the linkage so
that the high compressive preload prevents the hinge from unlocking. Extra vehicular
activity deployment was accomplished by backing out a captive pin to disengage the
actuator and then using a wrench on the hex end of the drive shatft to drive the toggle links
overcenter and preload the hinge in the deployed position.
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Testing:

The overall test program for deployables was quite extensive. Tests performed on both the
solar array and high-gain antenna boom hinges and single latches were used to under-
stand the effects of thermal environments and evaluate the resistive torque effects of cable
bundle wraps. Later tests subjected flight-like deployment hardware of one full solar array
wing and the high-gain antenna boom assembly (including latches) to deployment,
vibration, and static load tests. The flight hardware was then subjected to a range of tests
including acoustics, thermal vacuum, and deployments.
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On April 11, 1991, the Galileo spacecraft executed a sequence that would open the
spacecraft's high-gain antenna. The antenna's launch restraint had been released just
after launch, but the antenna was left undeployed to protect it from the heat of the sun.
During the deployment sequence, the antenna, which opens like an umbrelia, never
reached the fully deployed position. The analyses and tests that followed allowed a
conclusion determination of the likely failure mechanism and pointed to some strategies to
use for recovery of the high-gain antenna.
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Anomalies:.

The high-gain antenna on the spacecraft failed to deploy.

Lessons Learned:

The failure was caused by galling and excessive friction in the midpoint restraint pins
and V-groove socket of the struts that required mechanical drive torques in excess of
motor capacity to free the pins and permit deployment.

Contact stress of any mating surfaces should not be great enough to cause plastic
deformation and/or destroy applied coatings.

Friction in vacuum can substantially exceed friction in atmoéphere especially when
coatings are destroyed and galling occurs.

Moments applied to ball screws severely degrade their capacity.

The use of a dry lubricant, specifically molybdendum disulfide (MoS,), on a mechanism that
is going to be operated in an atmosphere should be carefully evaluated. The wear rate of
the MoS, in air is so much higher than in a vacuum that any coatings could be worn out by
in-air testing and shipping lubrication and not provide the desired lubrication when needed.

Replacing dry lubricated surfaces just prior to launch so that virgin lubricant surfaces are

available is recommended if feasible.
* Shipping vibrations and ground teéting can destroy coatings and dry lubricants.

¢ Vacuum deployment tests, on the ground, should include simulated vibrations prior to
deployment. :

Description:

The Galileo spacecraft (Figure 1) is a spin-stabilized spacecraft and has three Earth-to
spacecraft communications antennas for commanding and returning spacecraft telemetry.

The high-gain antenna is the one that failed to deploy. To protect the antenna from the
sun, it was left in the undeployed position until the sun-to-spacecraft distance was large
enough to avoid thermal danger.

Figure 2 shows the Galileo high-gain antenna in the stowed position; Figure 3 shows the
antenna in the deployed position. The high-gain antenna is deployed and stowed by a
mechanism located in the base of the antenna called the mechanical drive system. This
system consists of a dual-drive actuator, a 0.5-in. (12.7-mm) diameter, eight-threads-per-
inch (0.125-in., 3.175-mm pitch) ball screw/ball nut assembly; a carrier assembly; 18
pushrods; and 18 ribs (Figure 4). The ribs have a gold-plated wire mesh connected to
them that stretches and forms the refiector surface when the antenna is fully deployed.
Figure 5 shows the mechanical drive system in the fully deployed position. The lower end
of the ball screw is supported by a bearing housing containing a radial roller bearing and
two roller thrust bearings. As the ball screw is turned by the dual-drive actuator, the

110

Literature Review: Deployable Appendages




Mechanical Technology Inc.

PLASMAWAVE
ANTENNA
LOW-GAIN HIGH-GAIN ANTENNA
ANTENNA~_ (COMMUNICATIONS AND

RADIO SCIENCE)

SUN
SHIELDS
RETROPROPULSION MODULE
ABOVE: SPUN SECTION
BELOW: DESPUN SECTION
) RTQ
- LOW-GAIN
ANTENNA \
PROBE .
RELAY SCAN PLATFORM
ANTENNA “JUFITER
ATMOSPHERE
RADIOISOTOPE
THERMOELECTRIC PROBE
GENERATORS (RTG)

95TR4N2

Figure 1. Galileo Spacecraft Configuration
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Figure 2. High-Gain Antenna in the Stowed Position
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Figure 3. High-Gain Antenna in the Deployed Position
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carrier, which is prevented from rotating by the pushrods, moves toward the dual-drive
actuator. This motion results in the pushrods forcing the ribs to rotate about their pivot
point and open out like an umbrella. The motion of the ribs pulls the wire mesh out and
stretches it tight, creating the reflector surface. The ribs open out until each rib fitting
contacts a mechanical stop, preventing any further deployment of the rib. The continued
motion of the carrier compresses a spring on each of the pushrods, preloading the ribs
against their stops, and continues until the pushrods pass over center. This maintains a
constant preload on the ribs in the deployed direction after the dual-drive actuator is shut
off at the fully deployed position. '

Figure 6 depicts a rib assembly sectioned to show the pertinent components. The ribs are
restrained during launch at the restraint fitting by a spoke assembly that is held in place by
the central release mechanism (Figure 7). This mechanism is opened by a spring when
the retaining shaft, held in place by a nonexplosive initiator, is released. After launch, the
central release mechanism is actuated, releasing all 18 spokes and allowing the mechani-
cal drive system to deploy the antenna. For launch, the spoke assemblies are each
preloaded to 378 N (85 Ib) and this preload is reacted by two pin-socket combinations
called the midpoint restraint (inset, Figure 8). Both pins are titanium 6A1-4V with spherical
ends that engage the sockets. The pin receptacle design is shown in Figure 9. One
receptacle is a cone and the other a V-groove, which both have included angles of 90° and
are made from Inconel 718. The reason for the different receptacle designs was to avoid
multiple load paths in case the pins did not have the exact same separation as the
receptacles. The two receptacles balance the tension from the spoke preload, the cone
locates the rib in the plane of the receptacles, and the V-groove reacts any rotation about
the cone receptacle. The tip restraint of the ribs is a pin (shown in Figure 6) in a tuning-
fork-like receptacle. This design prevents rotations of the ribs about their midpoint
restraints and allows the ribs to move out freely during deployment. A combination of
analysis and testing indicated that the primary cause of failure was excessive friction at the
pin and socket interface.

Several pin and socket pairs were removed from the spare high-gain antenna for evalua-
tion and testing. The spare high-gain antenna had been through a significant amount of
vibration testing that caused relative motion between the pins and sockets. The sockets
were made of Inconel 718 with a surface finish of 0.2 microns rms (8 microinch rms). The
pins were made from titanium 6A1-4V and were finished with the Tiodize Type Il and the
Tiolube 460 processes. These processes consist of putting an anodized coating on the
titanium and following this with an MoS, coating for dry lubrication.

A V-groove socket and its mating pin are shown in Figure 10. The surface of the pin is
plastically deformed to a flat spot, as shown by the arrow. Although x-ray diffraction scans
of the surface show the presence of MoS, on the contact area, scans of some other pins
from other ribs showed no presence of MoS, on their contact patches. This indicates that
the deformation of the surface destroyed the Tiolube and Tiodize coatings. The contact
stresses actually exceeded the capability of the pin coatings by about five times. A higher
magnification of the upper spot on the V-groove receptacle in Figure 10 is shown in

Figure 11. The surface has been deformed and worn away. Scans of the contact surface
on the receptacle show a large amount of Ti 6A1-4V, indicating a transfer of base material
from the titanium pin.
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A series of tests was performed at NASA-Lewis Research Center on the friction properties
S of dry lubrication and base titanium against Inconel 718. The results of these tests showed

S that if the two surfaces are displaced relative to each other under load and in air then dis-
placed relative to each other under load in a vacuum, the sliding friction between the
surfaces increases nearly ten times. When a dry lubricated and anodized pin was operated
in an atmosphere, the dry lubricated surface was quickly destroyed and, as a result,
exposed the base titanium. The testing also showed that with an atmosphere present to
continue to react with the bare titanium as it was worn by sliding contact, the friction
coefficient never exceeded 0.35.  However, once a pin's dry lubrication was damaged by
operation in air and then operated in a vacuum, the surfaces started to gall and produce
coefficients of friction in excess of 1.0.

The failure mechanism required a special set of circumstances in a specific order to cause
the deployment anomaly. The events necessary to produce the failure of the Galileo high-
gain antenna are summarized in the required order of sequence below:

1.  Generate a high enough contact stress to plastically defokm the titanium pins and
break the ceramic coating that was used to bond the dry lubricant.

2. Produce relative motion between the pins and sockets in an atmosphere to remove
the damaged coating and dry lubricant from the contact areas and to produce a
rough surface on the mating parts.

3. Produce relative motion between the pins and sockets in a vacuum to remove the
oxidized and contaminated titanium from the surface of the pins and then gall both
parts so the friction is very high. '

4.  Produce an asymmetric deployment of the ribs so that the ball screw has a large
moment applied to it and cannot produce the force necessary at the midpoint
restraint to eject the ribs.
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Abstract:

The dynamics explorer payload was a 1981 Delta vehicle launch and consisted of two
spacecrafts: the dynamics explorer A (DE-A) and the dynamics explorer B (DE-B) joined by
an 1809-A separation adapter. The 1929-Ib payload included a total of 375 Ib distributed
among 15 instruments, many of which had deployable features. Of particular interest is the
DE-A spacecraft, which was spin stabilized and carried the plasma wave instrument. The
deployables for this instrument were four radial long-wire antennas; two spin-axis spin
antennas; and a group consisting of a search coil, short electric antenna, and a 1-meter® loop
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antenna. This group was mounted to a single plate and deployed to a radial distance of

6 meters by means of an Astromast boom. Due to its physical size, the loop antenna was
folded and secured along the side of the spacecraft body to fit within the launch vehicle
shroud. Consequently, successful deployment of the loop was required before extension of
the Astromast could commence. A similar boom carrying a magnetometer was located on
the opposite side of the spacecraft and provided a counterbalancing effect. These deploy-
ments were mission critical and appropriate analysis and testing were conducted to demon-
strate design adequacy and reliability.

Anomalies:

An end-of-travel shutoff switch failed to activate during Astromast deployment. The
Astromast was returned to the manufacturer for investigation of a switch problem.

Lessons Learned:

« Comprehensive testing is required to assure proper operation of deployable device.
+ Microswitch failure is serious; redundancy may be necessary.

Description:

The design of these deployed appendages was conducted primarily with hand calculations,
with some computer-aided design simulations for verification. In order to accommodate the
plasma wave instrument, the stowed position of the loop was compared to the deployed
position and the intersection of the two planes represented the hinge axis for initial deployment
of the loop (see Figure 1). Due to a nonintegral number of turns to deploy the Astromast,
which rotates as it deploys, combined with a nonperpendicular alignment of the loop with
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Figure 1. Plasma Wave instrument Loop
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the boom axis, the hinge axis was placed at a skew angle. A coil-type deployment spring
was included for the loop to ensure a wide range of spacecraft spin rates. This spring was
sized using energy principles to also account for loop strain at lockup, flexing of electrical
cables and friction where only a dry film lubricant was used. Lockup was achieved by
bending a leaf spring which contained a cutout to capture a detent on the moving part of
the hinge and also helped to reduce the shock loads. With deployment ranging between 0
and 30 rev/min, the worst-case stresses were calculated and showed a margin of safety of
1.5 against yielding for the loop. The stowed position of the loop is shown on Figure 2,
and the Astromast deployment configuration is shown on Figure 3.

Testing:

For hardware qualification, a series of tests was conducted using a relatively high fidelity
mechanical test model, which included most protoflight structure and mechanisms.

The structural dynamics test sequence consisted of a mode! survey, several sine vibration
runs, an acoustics test, pyroshock/separation, and qualification tests for all the mecha-
nisms. Thermal-vacuum testing was also conducted. The plasma wave instrument loop
was designed to be handled and installed in a 1-g environment but the effect of gravity
would distort the loop in the deployed configuration with the spacecraft spin axis in the |
normal upright position. Since the flight deployment would take place with a spinning
spacecraft and a radial acceleration field that would be equivalent to slightly less than 1 g,
it was decided to tilt the mechanical test module on its side and test the loop downward
with an approximately 1-g radial force field. This provided 20% margin over the maximum
design spin rate for deployment of 30 rev/min and eliminated the need for any special
g-negation equipment. The testing was successfully completed with no significant prob-
lems reported and no design changes were needed.

The deployment was initiated by firing one of two pyrotechnic dimple motors and the
motion was recorded on high-speed film. The test setup is shown in Figure 2.

Plasma Wave Instrument Antenna Deployment Test Results. Prior to installation, the
weight of the plasma wave instrument loop and preamp assembly was measured at 895 gm
(1.97 Ib). The loop antenna was released and deployed in 543 msec with microswitch closure
occurring approximately 30 msec prior to lockup. The predicted deployment time was

423 msec and the difference can be attributed to hinge friction, air drag on the loop, and
stiffness of the electrical cabling.

Dynamics Explorer Astromast. Two diametrically opposed Astromasts were deployed
nearly simultaneously on the DE-A spacecraft. The deployment began at a spacecraft spin
rate of approximately 25 rev/min. It took place in several steps, with a spin-up maneuver
occurring at some intermediate position. Each Astromast achieved its full length of 20 ft at
a spacecraft spin rate of 10 rev/min. The centrifugal acceleration experienced by the tip
mass, tending to extend the Astromast, ranged between 0.5 g and 0.8 g, depending upon
the spin rate and length of mast deployed. Final tip position and alignment were required
to be within +0.2° of nominal. The Astromast was caged for launch and pyrotechnically
released for deployment. Since the coiled elements of the mast contained more than
enough energy to effect deployment, a motor-driven lanyard was used to restrain and
control the deployment and even retract it if desired.
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Figure 3. Astromast Deployment Configuration
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Dynamics Explorer Astromast Deployment Test Description. With the spacecraft in the
horizontal position, the Astromast was deployed straight down with the force of gravity
representing the centrifugal force from spinning spacecraft and tending to aid the deployment.

The objective of this test was to complete qualification of the plasma wave instrument loop
and stub boom hardware by demonstrating compatibility with the Astromast and its unique
deployment dynamics. Specific areas of interest included clearance between the plasma
wave instrument short electric antenna and the spacecraft during initiai Astromast motion.
The entire deployment was photographed at normal speed from two camera angles. The
test setup is shown in Figure 3.

Dynamics Explorer Astromast Deployment Test Results. Observation of the plasma wave
instrument group (attached to the end of the Astromast) during each step of the deployment
revealed no incompatible problems. It was noted, however, that the final tip orientation was
rotated approximately 1° counterclockwise from its normal position. Although this was a crude
measurement, it did warrant further investigation for the flight units to ensure proper final
instrument alignment. 1t was also noted that the deployed length potentiometer displayed
voltage changes opposite to those expected from the given schematic and also warranted
further investigation. One significant anomaly was encountered during this test when the end-
of-travel shutoff switch failed to actuate. The mast was observed to reach full extension but
drive power did not terminate automatically. Power was controlied manually for an additional
12 sec in an unsuccessful attempt to produce switch actuation. A continuity check verified that
the dual switch had remained closed. In order to avoid the loss of the lanyard, no further
extensions were attempted. Retraction of the mast was accomplished without incident.
Following this test, the Astromast was removed from the spacecraft and returned to the
manufacturer for investigation of the switch problem.

Experience:

Following launch of the spacecraft, both loop and Astromast were successfully deployed
according to plan and no anomalies were reported. The key philosophy in this effort was to
keep things as simple as possible and to draw upon design experience gained from previous
programs.

Dynamics Explorer Plasma Wave Instrument Loop Antenna. Once the DE-A spacecraft
was placed in orbit, the various instrument deployments took place. Among these was the
plasma wave instrument loop antenna release that occurred nominally at a spin rate of

25 rev/imin. The antenna was preloaded to enhance the initial motion and pyrotechnically
released. The motion terminated against a hard stop and end of travel was indicated by the
actuation of a microswitch. A latch prevented backlash. The nominal radial acceleration
during deployment ranged from 0.5 g t0 0.9 g, due to spin rate. The stub boom and loop
antenna are shown in Figure 1 as they appeared prior to Astromast extension.

Plasma Wave Instrument Antenna Deployment Test Description. A Ransome table
was used to place the spacecraft in the horizontal position with the stub boom oriented
straight down so that the loop antenna would experience 1-g acceleration during its free-fall
deployment. Although deployment was expected to take place at a spin rate of 25 rev/min,
it was designed for at least 30 rev/min. Justification for such a free-fall deployment lies in
the fact that the energy absorbed by the loop in this test was calculated to be 1.2 times the
energy during a deployment at 30 rev/min. This represents a 20% overtest for design
qualification. In addition, a stress analysis on the loop design showed a margin of safety of
51% for the 1-g deployment.
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Abstract:

Dehydration of brake materials and accumulation of wear debris trapped between the
opposing surfaces can cause a marked reduction in the friction of brake materials.
Problems have been encountered with the friction elements of the shuttle remote manipu-
lator system. These elements are pairs of annular pads of an asbestos/phenolic composi-
tion. When slip-tested under load, the pads show a greatly diminished friction in vacuum,
which is fully recovered on return to atmosphere. It has been established that a reduced
friction torque is normal when this composite material has reached an equilibrium in
vacuum. Experimental studies have been made to find materials that will give stable, high
friction values, even after long exposure to high vacuum.
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Anomalies:

» The asbestos/phenolic considered as a candidate brake material produced unacceptably
low friction in vacuum, although it was acceptable in air.

« Polymers will not provide sufficient friction for use as a brake material in vacuum.

Lessons Learned:

» Dehydration of brake materials and accumulation of wear debris, trapped between
opposing surfaces can cause a marked reduction in the friction of brake materials.

¢ Some ceramics or cermets can provide stable and moderately high friction as brake
materials. This group includes Cr,0, and Al,O,/SiC.

» To ensure in-vacuo stable friction, run-in of opposed surfaces is recommended.

Description:

Figure 1 is a schematic of the test rig that was used. It was designed to provide an oil-free
vacuum, below 1.3 x 10 Pa (10* torr). The friction and wear behavior of materials was
determined from tests that invoive continuous unidirectional, or reciprocating (60 sec
clockwise, 10 sec off; 60 sec counterclockwise) sliding of one specimen versus another at
100 rpm with loads up to 70 N (bearing stress 0.14 MPa).
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Figure 1. High-Vacuum Tribometer
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Figure 2 shows the results of tests with the asbestos/phenolic. The initial drop in friction
corresponds to a reduction in water vapor. Although the first step must be dehydration, the
low-slip torque develops as a result of microstructural changes at the sliding interface.
Wear debris is generated at the rubbing surface and is trapped in the contact area. It is
the structure and properties of this debris that determines the frictional behavior. Figure 3
shows the friction trends for a number of polymers. The author believes that the low
friction of these materials is the result of localized wear debris features being formed on
worn surfaces. Measurements show that these topographical features are raised above the
surface. During sliding, they confine the load to a small contact area. Although the shear
strength of the debris will have some effect, the low-torque output is mainly due to this
restricted contact area.

Ceramics showed widely different trends when they were evaluated in vacuum. After run-
in, the friction behaved in a variety of ways, as shown in Figure 4. Low friction was
obtained when the interface developed a few isolated contacts as islands of raised wear
debris. In contrast, surfaces that developed a matte appearance gave moderate to high
friction. The appearance of the surfaces was a good explanation as to why or how this
relates to friction. It was concluded that:

1. The low friction anomaly of the asbestos/phenolic is an inevitable consequence of
its use in vacuum.

2. The friction in vacuum is determined by the residual moisture level and then by the
structure and properties of the dry interfacial debris layer.

3. Al polymers studied gave low friction through the development of minimal contact
wear debris patches.

4. Ceramics can give a variety of frictional outputs, depending on the interfacial wear
debris characteristics. Limited contact gives low friction, more extensive (matte)
contact gives higher friction.

5. Some ceramics can be tailored by run-in to form finely distributed wear debris and
to provide stable, high friction.

6. Some of the compositions that meet the No. 5 criteria may be useful for brakes in
space.
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Figure 2. Friction Trends from Slipping of SRMS Brake Material in Vacuum
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Table 1. Wear of Polymeric and Ceramic-Based Materials in

High Vacuum Conforming Contact Sliding Tests

Material

Specific Wear Rate*
(x 10° mm¥Nm)

Polyimide (SP 1)
Asbestos/phenolic
Asbestos/phenolic
Nonasbestos/phenolic
PEEK/glass fiber
Al,O0/TiO,

Si;N/SiC

WC/Co

ALO/SiC

Al,O,

Si;,N/SIC/TIN

SiC/TiB,

Cr,C/NiCr
MoS,/Nb/Mo/Cu

Cr,0,

Si;N/SiC

Cr,0, versus 440C steel
AlLO, versus 440C steel

29.
1.5 (high )
1.0 (mixed u)
1.1 (mixed p)
0.7
43
15. (high p)
13
11. (high )
7.5
6.5
4.5
0.8
0.6
0.6
0.5 (low y)
0.4
0.2

95TR4N2Z

*Mean value of two sliding specimen disks.
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Abstract:

A deployment actuator mechanism has been developed to drive a two-axis gimbal
assembly and a high-gain antenna on the Topex satellite. The design and test phases are
discussed in this paper.

Anomalies:

« Post-vibration inspection showed that the dry lubricant film in the journal bearing was
flaking, causing an increase in torque. The problem was determined to be excessive
lubricant film thickness. Applying the lubricant to one bearing surface, rather than both,
and burnishing the film to reduce thickness resolved the problem.
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e During thermal-vacuum deployment testing, noise appeared on one channel of the
redundant potentiometer. A failure analysis investigation revealed contamination on the
windings. A review of the materials and processes used in the manufacture of the part
showed that the contamination is not an inherent problem and is probably an isolated
incident. Five qualification parts are being tested for signs of contamination. In
addition, the spare flight part is being screened to establish flight worthiness.

¢ The most serious problem is related to thermal-vacuum operation of the viscous fiuid
rotary damper and is characterized by a region of undamped travel immediately after
deployment has been initiated, followed by normal operation throughout the remainder
of the travel. The phenomenon is random in nature and has occurred at hot and cold
temperatures. The maximum undamped travel was 15°, resulting in unacceptably high
impact loads in the damper input shaft as damper operation returned to normal.
Because a potentiometer was not installed to provide positional telemetry during
engineering model thermal-vacuum testing, the problem did not become apparent until
acceptance testing of the flight unit.

It was suggested that an air pocket or void might be the cause of this problem, or that
the method used for compensating changes in the fluid volume overtemperature was
responsible. In spite of procedural changes, the anomaly still existed and the decision
was made to replace this unit with a customer-furnished damper.

Lessons Learned:

» Although the viscous rotary damper has been use successfully in other satellite applica-
tions, there are some unknowns that must be resolved before it can be used with high
confidence.

* Excessive lubricant can cause increased torque. Lubricant should be applied sparingly
and burnished in to reduced film thickness.

Description:

Figure 1 shows the deployed high-gain antenna system on the Topex satellite. The major
components are a two-axis gimbal assembly, a high-gain antenna, a cradle assembly, and
a deployment actuator mechanism with a 1.4-meter long, 0.15-meter diameter thin-wall
aluminum mast. A layout of the stowed high-gain antenna system is shown in Figure 2.

The high-gain antenna system will be launched in a stowed configuration and deployed
once the satellite is in orbit. During launch, the two-axis gimbal assembly and the high-
gain antenna are supported by the cradle assembly using three pyrotechnically actuated
separation bolts. Once in orbit, the bolts are fired, and the deployment actuator mecha-
nism drives the two-axis gimbal assembly and the high-gain antenna to a fixed 90° position
with respect to the spacecraft. As the deployment nears completion, a pair of lockpins
engage to secure and align the system.

This is a one-time deployment with manual retraction capabitity for ground testing.
Redundant motors, bearings, lock assemblies and lock and position telemetries are
required. Full deployment must be complete in 1800 sec. The mechanism must also be
thermally isolated from the spacecraft.
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Figure 2. Topex High-Gain Antenna System Layout
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Mechanical Design. The deployment actuator mechanism is a passive device, driven by a
pair of multileaf negator springs. A viscous fluid rotary damper limits the rate of actuation.
A pair of spring-driven, wedge-shaped lock pins align and secure the system as the
deployment is finished. A redundant bearing design is used that features a lined spherical
bearing and a dry lubricated journal bearing. Either can act as the rotating surface. A two-
channel ganged potentiometer provides positional telemetry during deployment and a pair
of microswitches indicate the locked position. Figure 3 shows the layout of the actuator
and Figure 4 details the negator spring. A pair of 3.6-Nm six-leaf sprmgs were used, each
capable of deploying the system.

Table 1 presents the requirements and capabilities of the system; Table 2 shows the
thermal vacuum deployment test resulits.

The selected viscous fluid rotary damper is a small, light, limited-rotation device that
produces approximately 452-Nm damping at room temperature. Similar devices have flight
history on commercial satellites as well as the Goddard cosmic background explorer
satellite. Damping is produced through viscous shear of 30,000-centistoke McGahn Nusil
CV7300 silicon fluid between a rotating vane shaft and a stationary housing. A bypass
valve provides adjustability of pressure side of the vane shaft to the low-pressure side.

The damper uses a reservoir with a flexible diaphragm to compensate for fluid volume
changes with temperature. The reservoir interfaces with the damping chamber through a
set of check ball valves that isolate the high-pressure side of the vane shaft from the
reservoir during damper operation. A cross section is shown in Figure 5.

The bearing design must be capable of carrying launch and thermal-induced loads and
must provide for a single, limited-rotation, low-speed deployment once in orbit. A spherical
bearing with a Teflon-impregnated Nomex liner, in conjunction with a dry lubricated journal
bearing at the shaft-to-inner-race interface, proved adequate. A layout is presented in
Figure 6. The spherical bearings are manufactured to MIL-B-81820 and feature a low
no-load breakaway torque, tight radial clearance, and a high static load-carrying capability.
The dry lubricant meets the requirements of MIL-L-81329 and consists of molybdenum
disulfide (MoS,) and graphite in a sodium-silicate bonding agent.

The lock assembly must align and lock the deployment actuator mechanism in the
deployed position. The lock assembly consists of a pair of wedge-shaped, spring-loaded
pins, which preload adjustment screws against a hard stop, as shown in Figure 7. The
adjustment screws allow for precise alignment of the deployed system, and the preload
provided by the wedge-shaped pins results in zero backlash. A tool allows the pins to be
retracted for restowing during test.

The thermal isolation requirement was met by installing NEMA FR4 epoxy laminate thermal
isolating pads on each side of titanium mounting bolts at the spacecraft interface. The
damper utilizes a heated cover and is thermally isolated from the surrounding structure to
ensure that it is maintained above its minimum operating temperature. Additional thermal
control measures consist of gold plating and thermal blankets.

Positional telemetry is provided during deployment by a redundant, sing|e-shaft, wire-wound
potentiometer that interfaces with the deployment actuator mechanism shaft. A pair of
microswitches indicate when the system is fully deployed and lock pins are engaged.
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Table 1. Requirements and Capabilities

Parameter Requirement Capability
Mass (kg) <18.1 12.6
Footprint (m x m) ' 0.40 x 0.29 0.40 x 0.29
Operating Temperature (°C)
Maximum 38.0 58.0
Minimum 115 -8.5

Nonoperating Temperature (°C)
Maximum 63.0 83.0
Minimum <75 -27.5

Deployment Time (sec)

58°C >45 45

-8.5°C <1800 300
Spring Torque (Nm) 6.8 7.0
Drag Torque (Nm) <1.7 0.9
Torque Margin >4.0 7.8
Damping Rate (Nm/rad/sec) )

58°C >147 169 at 75°C

-8.5°C <4859 1356 at -20°C

Alignment (degree)

Initial 0.05 0.05
Repeatability 0.05 0.02
Deployed Stiffness (Hz) >5.0 7.2
95TR4/V2

Table 2. Thermal-Vacuum Deployment Test Results

Test Temperature Deployment Time Average Damping Undamped Travel
(°C) (sec) {Nm/rad/sec) (degree)
1 29.8 87 376 1.9
2 -8.8 - 220 943 2.2
3 -7.5 218 956 4.2
4 59.0 45 210 6.4
5 -6.8 214 917 1.9
6 -8.4 238 1022 1.8
7 58.3 48 1965 39
8 224 108 4166 2.1
9 58.5 46 1997 101
95TR4/NV2
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The UARS is described and an anomaly discussed with a plunger-activated, hermetically

sealed switch. The problem was due to gravity effects during ground testing. The problem
was resolved by reorienting the switch and covering the plunger.
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Anomalies:

* The switches used on all mechanisms were Honeywell 10HM30-5RELPGM miniature
hermetically sealed units. The auto-stow function operated the two gimbal motors to
their respective ready-to-latch position, where actuation of the switches caused power
shutoff to the motor. One set of switches was actuated by a rotary cam with its travel
being at 90° to the switch axis, the other by a linear plunger which moved paraliel to the
switch axis. A problem occurred with the design when attempting to adjust it on the
ground under 1-g conditions. In the orientation at the time, gravity effects caused the
plunger to deflect away from the switch preventing motor cutoff at the desired position.
The switch was limited in its overtravel capability, so adjustments to make it work
properly on the ground would cause destruction of the switch on orbit (in 0-g conditions).

* The design solution was to redesign the switch activation device and make it similar to
the cam operated switches. Instead of a rotary cam, however, the actuation was done
by using the linear motion of a rod which was stepped with two diameters (Figure 1).
This arrangement was not critical to linear motion. Overtravel was limited by the two
diameters. This allowed for both ground testing and on-orbit operation.

Lessons Learned:
* Mechanisms must be designed for both ground test and space operation.

* Plunger designs of switches could pose problems on ground test due to gravity. Cam
actuation may be preferable.

OLD DESIGN
PLUNGER
NEW DESIGN cant
Y : :—<—>

95TR4/V2

Figure 1. UARS Switch Actuation Redesign Solution
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Description:

The deployed UARS is shown on Figure 2. The UARS contained three deployable
appendages.

1. Solar Array Retention, Deployment, and Jettison Assembly. The solar array retention,
deployment, and jettison assembly contained redundant springs in the solar array panel
and strut hinges for deployment, redundant stepper motors to regulate the rate of
deployment, and redundant initiators in the separation nuts for jettison release.

The six panels of the solar array were stowed by four retention bolts. Solar array
deployment was initiated by firing the separation nuts. Deployment was completed by
motor drive.

2. Solar Stellar Position Platform Instrument and High-Gain Antenna Gimbal Retention
Subsystems. The solar stellar position platform and the high-gain antenna used identical
two-axis gimbal mechanisms. The solar stellar position platform was restrained at two
points between the gimbal interface and the front face of the solar stellar position platform
and at two points between the platform structure and the gimbal support structure. Gimbal
lockout for the high-gain antenna was provided at three points between the antenna exten-
sion boom structure and the gimbal support adapter. Each retention point consisted ofa
cup/sphere assembly held together by an overcenter in-line linkage operated by dc motors.
The drive motors were operated in series for redundancy and incorporated a specific detent
torque to retain the proper linkage position during all mission phases.

3. UARS Deployable ZEPS Boom. The ZEPS boom was a truss assembly consisting of
three 13-ft long glass/epoxy longerons, triangular battens, and diagonal stiffeners
between battens. The boom was stored in the instrument canister by coiling the
longerons into interlacing helices. The ZEPS instrument mounting plate was attached to
the end of the longerons and was latched to the canister until deployment. Boom
extension was initiated by activating the latch and the deployment mechanism motor.
Deployment was effected by the stored energy in the longerons and regulation was
provided by redundant dc motors that metered out a lanyard connected to the instru-
ment mounting plate. The boom could be restowed by reversing the direction of the
motor. The retention system of the ZEPS boom prevented boom deployment until a
safe separation distance had been reached by the orbiter.
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Figure 2. UARS Solar Array Retention, Deployment, and Jettison Assembly
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Materials Analysis in Support of the Galileo High-Gain Antenna Deployment Anomaly
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Abstract:

On April 11, 1991, a command to unfurl the Galileo spacecraft high-gain antenna resulted
in a stalled motor about 50 sec into deployment. The motor had stalled considerably short
of a full antenna deployment. Evaluation of this situation over many weeks after the
deployment anomaly revealed: 1) maximum antenna rib deployment was approximately
34°, 2) antenna ribs were asymmetrically deployed, and 3) flight data and modeling
appeared to support a condition where 3 or 4 ribs were undeployed (i.e., stuck in the stow
position). The prevalent theory of cause has been that the undeployed ribs' locating pins
were still locked or stuck in their receptacles due to a misalignment taper plus a high-

friction condition.
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This report is a summary of only the major materials analysis performed during 1991 and
1992 in support of the primary hypothesis for the Galileo high-gain antenna deployment
anomaly.

Anomalies:

¢ The attention of most of our work was the midrib locating pin to receptacle interface area
of the antenna. Each graphite/epoxy antenna rib (18 total ribs) has two titanium 6A1-4V
pins that were Tiodized and coated with a molybdenum disulfide (MoS,)-based dry
lubricant Tiolube 460. These pins would seat into two mating receptacles that were
fabricated from Inconel 718. The receptacles were attached to the upper structure of the
antenna tower at the midpoint restraint location.

» On examining three S/N 001 antenna pin/V-groove receptacle interfaces, it was
apparent that the restraining forces and or the material response to the restraining
forces varied from rib to rib. [t is apparent that there was some degree of pin misalign-
ment, especially at Rib 15, with lesser amounts for Ribs 6 and 9. It was estimated that
for a pin misalignment of 9°, the difference in the sizes of the two contact areas
between the V-groove receptacle and its mating pin would be approximately 34%.

Lessons Learned:

From our tests, we believe that the transportation environment resulted in what might be
considered a classic fretting condition. Since the fretting condition of small oscillatory
translational movement coupled with high-frequency cycling was not duplicated in our
friction testing, there is some concern that a coefficient of friction higher than 1.4 could
have resulted. Simulated transportation environment exposure followed by vacuum friction
testing is proposed as the next step if more accurate determination of the resulting
coefficient of friction is required.

Description:

Figure 1 shows the high-gain antenna in deployed position.

144
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Figure 1. Deployed 18-Composite Rib, Gold/MoS, Wire Mesh, High-Gain Antenna
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Abstract:

This paper describes the design, operation, and performance of a wide-dynamic-range,
optical-quality actuator. The actuator uses a closed-loop control system to maintain
accurate positioning. It has an rms noise performance of 20 Nm. An offloading mecha-
nism allows the actuator coil to dissipate less than 3 mW under quiescent conditions. The
total available mechanical range is 2 mm. Operation of an experimental segmented optical
system that uses 18 of these actuators is described to show how the actuator is integrated
into an actual system.
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Lessons Learned:

* The use of a motor-driven screw or gear mechanism was rejected because of mechani-
cal inaccuracies. Piezoelectric devices require high voltages. The best choice appears
to be a voice-coil type of actuator that can have high bandwidth capabilities and is both
simple and reliable.

¢ The force unloading system that Lockheed has proposed in this paper may be useful in
other satellite applications where it is necessary to maintain a continuous power input.
Eliminating the need for bearings and lubricants by the use of flex pivots also has merit.

Description:

In astronomical optical systems, large reflectors improve sensitivity and resolution of the
instrument. - There are three ways to make these reflectors: 1) use a spin-casting technique
to make optical blanks, 2) make a thin monolithic meniscus mirror and attach several
hundred actuators to the back surface, and 3) use segmented mirrors with actuators that
can align the mirror segments. This third approach is described. It requires actuators with
very low noise level and the ability to generate substantial forces over a wide mechanical
range. It must also have a bandwidth to accommodate the spectra of the observances. In
addition, because of thermal and power considerations, energy dissipation must be
minimized.

The greatest drawback of a voice-core actuator is that it needs a constant supply of power
to maintain a given force level. This problem of maintaining position in the face of a
constant load, without having a continuous power input, is resolved by using a force
offloading system. This separately controlied automatic system uses a special control loop
with a very long time constant that has a small separate actuator to move a spring attached
to the main linkage mechanism of the actuator. When steady-state conditions are reached,
the spring supplies a force to the output shaft that aimost exactly balances the constant
load seen by the main actuator. Schematic diagrams of the operation of the actuator and
closed-loop control system are presented in Figures 1 through 3.

Table 1 summarizes the approaches taken by the Lockheed design to overcome the
limitations of conventional designs. Table 2 compares the performance of the Lockheed
actuator design with other actuators that have been used or proposed. Table 3 lists the
performance characteristics of the Lockheed actuator.
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Figure 1. Lockheed Actuator and Closed-Loop Control System
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Figure 3. Operation of Force Off-Loading System
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Table 1. Lockheed Solution to Limitations of Conventional Designs

Problem

Solution

Dynamic range

Use of electromagnetic actuator in an analog closed
loop using special low-noise sensor electronics

Bandwidth Use of electromagnetic actuator and moderate
equivalent gear ratio
Stiction/friction No bearings or lubricants; exclusively flex pivots

High power consumption

Four-bar linkage (lever) and force unload system

Inability to cancel static forces

Force unioad system

95TR4N2
Table 2. Comparison of Actuator Characteristics
Actuator Type Dynamic Accuracy | Resolution | Smoothness | Bandwidth idie Reliability
Range Power
Stepper or dc motor- Large Medium Medium Poor Low Lowm | Poor-Med.
driven gear/screw
Hydromechanical Medium Good Good Good Low Low Medium
(Keck telescope)
Piezoelectric Small Poor Good Good High Low Medium
(open loop)
Piezoelectric Small Good Good Good High Low Medium
(with feedback)
Inch worm Large Good Medium Medium Low Low Medium
Voice coil (open-loop) | Medium Poor Good Good Medium High Good
Lockheed design Large Good Good Good Medium Low Good
Ideal actuator Large Good Good Good High Low Good
95TR4N2
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Table 3. Performance Characteristics of the Lockheed Actuator

Dynamic range

100,000:1

Total mechanical range

1 mm

Noise-equivalent position

20 Nm (rms, measured using a 100-Hz filter)

Friction/stiction None
Typical static power required 10 mW
Maximum available bandwidth | 140 Hz
Maximum available force +45 N
Weight 700 g

Operational features

* Soft start-up and shutdown
* Automatic force unloading
¢ All-analog electronics

95TR4N2
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Abstract:
This paper describes European work on rotary joints and robotic manipulators for space.
Two general applications have been targeted:
1. Internal robots for experiments inside laboratory modules

2. External robots for exchange of orbital replacement units, support of extra vehicular
activity, and inspection tasks.
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Anomalies:

Phenolic/asbestos brake materials present torque anomalies under thermal vacuum
conditions.

Lessons Learned:

* Only ceramic-based brake materials could provide consistent friction characteristics in
vacuum.

* The brake friction of cobalt-bonded tungsten carbide (WC/Co) is excellent but abrasive
wear occurs under load since hard WC particles are embedded in a soft cobalt matrix.
The wear rate is too low to affect the brake, but carbide wear debris must be trapped so
that it does not affect the rest of the system.

* Molybdenum disulfide (MoS,) in a dry environment was the superior lubricant (over
Braycote 601) for the harmonic drive. However, the atmosphere must be dry.

» Robotic joints must be rugged, but with accurate positioning.

* Robotic joints require high torque capability, low backlash, high stiffness, and low
friction.

* A brushless torque motor was selected. A reluctant motor was rejected on the basis of
nonlinear torque/current behavior. A brushless, toothless torque motor was also
rejected because of lower motor constant for a given mass and size.

* Optical sensors provide best performance but resolvers are more robust and reliable.
Additional trade-offs are necessary.

* Harmonic drive provides the lowest mass and dimensions for the required performance.
A cycloid drive was less sensitive than the harmonic drive to temperature effects and
showed no wear except for a light burnishing.

Description:

A robotics technology experiment is in progress. Part 1 is the internal robot, a small six-
joint manipulator arm located inside a spacelab rack, as shown in Figure 1. Part 2, the
external robot is the Hermes robot arm. This is a relocatable seven-joint arm with a useful
range of 9.09 m. As shown in Figure 2, the Hermes robot arm has two identical end
effectors, wrist assemblies, limbs, and a single-elbow assembly in the middle of the arm.
Each wrist has three rotary joints, roll, yaw, and pitch. During operation, the wrist that is
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Figure 1. Rotex Arm Inside Spacelab Rack
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Figure 2. Hermes Robot Arm Configuration
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located at the base will act as the shoulder, with the yaw joint kept in the fixed position.
This paper is mainly concerned with the design of the Hermes robot arm joint assemblies.
The joint design drivers must be rugged, but with accurate positioning. They need high-
torque capability, low backlash, stiffness, and low friction. Table 1 lists the requirements
and Figure 3 is a schematic of the joint. The following components/features make up the

joint design:
* Brushless dc torque motor
* Optical sensor on motor shaft for commutation and speed measurement
* Electromagnetic friction brake with manual lifting device
» Backdriveable gear — a harmonic drive with a planetary gear prestage
» Optical, absolute encoder (17-bit resolution) for joint angle measurement
* Thin section ball bearings
» Titanium structure to reduce mass

End switches and end stops at limits of range.

The pancake-type dc motor is driving a hollow shaft supported on two preloaded angular con-
tact ball bearings. On the same shaft, there are the (metal) code disk of the motor sensor and
the brake disk. The motor sensor provides feedback signals for motor commutation and
speed control. The motor shaft is coupled to the input element of the gear (the pinion of the
planetary gear stage). This planetary gear is integrated into the main gear (a harmonic drive).
The flex spline of the harmonic drive is connected to the joint housing and the dynamic spline
is the output element and is fixed to the joint output flange. The total gear ratio is 260.6.

The housed optical absolute encoder is mounted inside the motor section and coupled to
the joint output flange by a long shaft running through the gear. The external mounting
interfaces of the joint are at the side, perpendicular to the axis of rotation, leading to a
yoke-type construction of the rotary output element. Two preloaded angular contact
bearings support this rotating output member. The angular rotation range of the joint is
+120° with respect to the upright position.

Figure 4 shows how the Hermes robot arm joint design has evolved through experience:
* Motor and sensor have been combined on common sleeves
* Eliminated manual brake lifting
* Provided astronaut override
* Considering change of harmonic drive
» Resolver for joint angle readout
* Make both output bearing pairs the same size
* To reduce the structural mass, consider changing from titanium to beryllium

' * Redundancy is needed for the motor windings, the brake and resolver, as well as
the readout station of the motor sensor and the switches at the ends of travel

* The redundant motor must fit in the same space; therefore, the gear ratio must be
increased to about 400 to get the same torque.
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Parameter Hermes Robot Arm Rotex
Angular Range (°)
Wrist pitch/yaw +120 +125 pitch
Wrist roll +185 +185 roll
Elbow pitch +30/+180 -
Angular Speed (rad/sec)
Maximum 0.05 0.15
Minimum 4.5 E-05 -
OQutput Torque, T (N)
At minimum speed 2450 215
At maximum speed 250 -
Torque Ripple
T > 25 Nm 2% (TBR) -
T <25 Nm <0.5 Nm (TBR) -
Backdrive Threshold Torque (Nm) <40 <10
Brake Torque Referred to Output Level (Nm) | 500 to 650 -
Rotationa! Stiffness (Nm/rad)
T s 13.5Nm >1.1 E+05 (TBC) 20.5 EO4
T>13.5 Nm >1.3 E+05 (TBC) -
Joint Position Measurement (arcsec)
Resolution 9.9 (17 bit) 9.9 (17 bit)
Accuracy <27 <24
Motor Speed Measurement (%)
Resolution 0.5 -
Accuracy <1 -
Power Consumption (W) <30 <3
Mass (kg)
Wrist (3 joints + electronics) <45 (TBR) 4.4 (1 pitch joint)
Elbow (1 joint + electronics) <19 (TBR) 4.0 (2 roli joint)

Lifetime

10 yr, periodic opera-
tions (20-hr total)

1 spacelab mission

Temperature range (°C)

-40 to +80

+6 to +65

TBC = to be confirmed; TBR = to be reviewed.

95TR4/N2
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Figure 3. SMS Joint Design
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Figure 4. Hermes Robot Arm Joint Design

Table 2 lists possible component trade-offs and tentative replacements. The motor
appears to be well in hand. Although optical sensors have desirable characteristics, their
reliability is being questioned. More studies are needed.

Lubrication and tribological material selection are major problems in the Hermes robot arm
joint development. The author listed some of the lubricant choices in Table 3. His
tentative choices for the Hermes robot arm joints include:

+ Ball bearings
- Perfiuorinated oil (e.g., Fombiin Z25 or Bray 815Z), TiC coating of balls

— Sputtered MoS,
— lon-plated lead

* Gearbox
— Grease (e.g., Braycote 601), possibly gold-coated harmonic drive teeth

— MoS, (sputtered or spray bonded).

A common lubricant for both the ball bearings and the gears is anticipated, with the gears
being the determining factor.
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Table 2. Summary of Trade-Offs

Alternative Solutions

Main Arguments for Selection of Baseline

Motor

* Brushless torque motor
* Brushless, toothless torque motor
« Reluctant motor

Reluctant motor has nonlinear torque/current behavior

Baseline provides higher motor constant than toothless
motor for given mass and size

Sensors
* Resolver
¢ Optical encoder
* Inductosyn

Optical devices provide best performance
Resolver is more robust and reliable

Trade-off will continue to arrive at a common
technology for both sensors

Lubrication Method (Treated Separately)

Main Gear System
¢ Cycloid drive
* Harmonic drive
* Planetary gear

Provides lowest mass and dimensions for the required
performance

Is available with space-compatible materials

Brake Pad Material (Treated Separately)

95TR4N2

Table 3. Relative Merits of Dry and Liquid Lubricants

Dry Lubricants

Liquid Lubricants

Negligible vapor pressure

Finite vapor pressure

Wide operating temperature range

Viscosity, creep, and vapor pressure are tem-
perature dependent

Negligible surface migration (debris can float free) | Creep barriers and seals required -

Valid accelerated testing

Invalid accelerated testing

Short life in laboratory air

Insensitive to air or vacuum

Debris cause frictional noise

Low frictional noise

Friction speed independent

Friction speed dependent

Life determined by lubricant wear

Life determined by lubricant degradation

Poor thermal characteristics

Good thermal conductance

Electrically conductive

Electrically insutating

95TR4N2
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Gear tests have been run with a harmonic drive gearset. One test was lubricated with
Braycote 601 grease, the other with sputtered MoS, on the circular spline, and spray-
bonded MoS, on the fiex spline and on the wave generator. It was concluded that MoS,
can provide the best overall efficiency, but these were relatively short-term tests. The
author pointed out that MoS, should only be used in a dry environment. It was stated that
humidity would drastically reduce the wear life. A cycloid drive was also run with the same
lubricants. It was less sensitive than the harmonic drive to temperature effects and showed
no wear except for a light burnishing.

Although these were short-term tests of a unit that is supposed to survive for 10 yr in
space, as stated in Table 1, it is important to note that the actual operating life is about
20 hr (2 hr each year).

The brake material presented another problem, mainly because the torque variations must
be held to less than 10%. This brake is a failsafe, electromechanically actuated friction
device. It consists of a rotor (or disk) fixed to the motor shaft, carrying the friction layer and
a stator assembly, comprising housing, coil, diaphragm, and the armature with the other
friction layer (Figure 5). The brake is "on" when the diaphragm is pressing the armature
against the disk with a defined preload.

Obtaining good constancy in friction by selecting the right materials is difficult. Standard
brake materials such as phenolic/asbestos present a torque anomaly under certain thermal
vacuum conditions. For the Hermes robot arm, a number of different materials were
investigated by a comprehensive literature search. It was concluded that only ceramic-
based materials could provide constancy in friction. Three materials were selected for test
using a representative brake configuration: AL,O,/ZrO,, Al,O,/TiO,, and WC/Co.

Tests were conducted in both ambient and thermal vacuum conditions. The results were
as follows:.

« Friction decreases when going from vacuum to air
« Temperature has very little effect

+ The friction of cobalt-bonded tungsten carbide (WC/Co) is excellent, but abrasive
wear occurs under load since hard WC particles are embedded in a soft cobalt
matrix.

The wear rate is too low to affect the brake, but carbide wear debris must be trapped so
that it does not affect the rest of the system. Two other anomalies were experienced with
the motor sensor and the absolute optical joint position encoder. The former could be
resolved by including signal preconditioning electronics directly at the sensor and the latter
could be corrected by an appropriate adjustment step.
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Figure 5. SMS Brake Design
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Lessons Learned:

* Redundant push-off springs should be incorporated for initial release of all spacecraft
deployable appendages.

Description:

* Rate-controlled, constant force, spring-driven hinges are used for deployable appendage
actuation.
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Abstract:

This report describes the mirror transport mechanism, which supports a pair of dihedral
mirrors and moves them in a very smooth and uniform scanning motion normal to a
beamsplitter. Each scan is followed by a quick flyback and repeat.

Included in the report will be material selection, design, and testing of all major components
of the mirror transport mechanism in order to meet the stringent performance requirements
under cryogenic conditions and survive the faunch environment of the shuttle. Areas to be
discussed in detail will be those in which failures or performance anomalies occurred and
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their solutions. Typically, this will include (but not to be limited to) flex pivot failures during
vibration testing, excessive dihedral platform sag under 1-g operation, electronic and fiber-
optic characteristics, and tolerancing considerations.

As of this writing, development of the mechanism has reached the final phase of thermal
and vibration qualification. Environmental testing of the complete FIRAS experiment is just
beginning.

Anomalies:

* Loads were developed during vibration testing that caused a rocking motion of the
dihedral platform resulting in pivoting motion about the latch cone axis. This placed
excessive loads on the pivot flexures causing them to fail.

* There were two major problems that developed during the vibration testing that necessi-
tated significant redesign in the latch mechanism. Loads were developed during testing
which caused a rocking motion in the dihedral platform resulting in pivoting motion about
the latch cone axis. This placed excessive loads on the pivot flexures causing them to
fail.

To reduce this motion, a third-point latch was developed (Figure 8) that limited motion to
+0.0051 cm (+0.002 in.). This was arrived at by a compromise of how tight a clearance
could be maintained without possible binding and the allowable stress buildup in the
flexures at that excursion. The third-point fatch consists of a slot in the latch motor
housing and a tang attached to the rear of the dihedral platform connecting link. The
spacing is adjusted so that when the tang is moved into the slot during the latch mode
there is a clearance gap on each side of the tang of 0.0051 cm (0.002 in.). This
arrangement was retested and worked.

* Later in our test program there was a condition in which the mirror transport mechanism
was vibrated but because of a misadjustment in the relationship of the latch motor to
latch spring, the cones were not seated properly in their respective sockets. This
allowed excessive motion at the sockets even though the third-point latch was engaged.
In effect, the platform could rotate about the third-point latch. This caused failure in
several pivots. At this point it was decided that the pivots themselves should be
protected from excessive loads in case of another overload condition. After an exten-
sive investigation, it was decided to enclose each pivot in a sleeve that would limit radial
movement to an acceptable level. This level was selected at a maximum of 0.0076 cm
(0.003 in.) after an analysis showed a stress level of 248 MPa (36,000 psi) was reached
with 0.0076 cm (0.003 in.) deflection and that buckling occurred at approximately
303 MPa (44,000 psi).

» Testing in a fixture showed that buckling occurred slightly above 0.0076 ¢cm (0.003 in.),
which probably put the stress close to 303 MPa. The sleeves were designed to have
tightly machined tolerances to minimize the sleeve-to-sleeve dimensional variations.
Taking into account the tolerances on the pivots, sleeves, and the center shift at 4°
{rotation of fiex pivot in latch position) of each pivot, a maximum radial clearance of
0.008 cm (0.0032 in.) and a minimum radial clearance of 0.0011 cm (0.00045 in.) is
possible. The upper pivot section is bonded to the sleeve. Each sleeve and corre-
sponding pivot have recessed grooves machined into the mating surface to allow for
epoxy retention. Subsequent room temperature vibration testing showed no failed pivots.
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« The initial motor design used niobium titanium wire that became superconducting below
approximately 9.5 K. The mirror transport mechanism was tested and operated at 4.5°
with a motor of this type. However, some anomalies were noted: an apparent increase
in spring constant and a large hysteresis effect. Because of these poorly understood
factors, it was decided to redesign the motor using normal copper wire if power dissipa-
tion could be made fow enough.

« Since copper has finite resistance, it was important to reduce the required current as
much as possible by maximizing motor force constant. Redesign included the following:

— Samarium cobalt magnets were replaced with neodymium-iron, a newly developed
material having about 50% higher gauss-oersted product

— The flux return path was at or near saturation; the cross sectional area was increased
about 50%

— Overall diameter was increased to allow for 30% more turns.

Lessons Learned:

« To limit the load on the pivots, they were enclosed in sleeves that limited radial move-
ment to acceptable levels.

Description:

The mirror transport mechanism is an integral part of the FIRAS instrument. The FIRAS
measures the spectrum of the 3 K cosmic background radiation, the interstellar dust
emission, and any unknown sources in the wavelengths ranging from 100 micron to 1 cm.

The FIRAS is a cryogenically cooled (LHe), rapid-scan interferometer spectrophotometer.
A pair of dihedral mirrors is moved with respect to a beamsplitter, producing the optical
path differences that generate an interferogram. Incoming radiation, which is channeled
into the interferometer by a skyhorn, is balanced against an internal reference source.

An external calibrator is also provided that, when commanded, will swing into place in front
of the skyhorn, at which time the temperature of the internal reference source is adjusted to
nearly null the signal. Proper operation requires that the entire instrument be maintained at
a temperature below 2 K. Thus, it is enclosed in a large dewar filled with superfiuid helium
at 1.8 K. Spacecraft orbit is such that complete coverage of the universe requires about
six months. For double coverage, a lifetime of at least a year in orbit is desired. Since any
power dissipated in the dewar increases boil-off of the cryogen, strict limits are placed on
the allowable dissipation. The FIRAS power budget is 5 mW. Lifetime in orbit is reduced
by about 3 days/mW.

The dihed